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Wildfire is an important part of ecosystems and the pattern of vegetation that develops 
post-fire is highly dependent on the severity of the bum. The concept of a standardized 
field measure of fire severity is introduced (Key and Benson, 1999), the composite bum 
index (CBl) that is correlated to a satellite measure of severity, the normalized bum ratio 
(NBR). The NBR utilizes the information contained in channel 4 (NIR) and channel 7 
(MIR) of the Landsat Enhanced Thematic Mapper Plus (ETM+) satellite sensor. 
Calculated as the normalized difference of the reflectance in the two bands, the NBR 
takes advantage of the increase in MIR reflectance and the decrease in NIR reflectance 
post-fire. A differenced image (ANBR) can then be classified into four levels of severity 
(Low, Moderate-low, Moderate-high, and High).
This study examines the performance of the ANBR logic on the Valley Complex of 
2000 in the Bitterroot Valley, MT. A method for radiometric normalization and 
calculation of exo-atmospheric (at satellite) reflectance is given so that between-scene 
differences in sun angle and illumination can be accounted for prior to the change 
detection procedure. The physical setting comprising the study area is broken down into 
three terrain characterizing variables of aspect, slope class, and fire group. The 
proportions of each severity class that fall in each terrain variable class are discussed. It 
is found that the influence of aspect on severity distribution is due to its influence on 
vegetation, the influence of slope is due to its influence on fire residence time (i.e., the 
longer a fire remains in an area the higher the resulting severity), and that fire group 
provides the most insightful view into the severity distribution. Overall, the Valley 
Complex fires of 2000 did not bum in an extraordinary manner and the resulting severity 
was consistent with the vegetation type and physical setting through which the fire 
bumed.
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Introduction
Wildfire, through long-term, repetitive interactions with the vegetation and 
biophysical environments of a region, is largely responsible for the composition, 
structure, and distribution of western forests (Keane et ai,  1996). Each year, fires bum 
millions of square kilometers of forests, shrub lands, and grasslands (Ryan, 1998), 
continuing a disturbance process that has characterized the Intermountain West for at 
least the last 10,000 years (Keane et al., 1996). In this light, wildfire is not an event but a 
process, dynamic in its temporal and spatial variability and its effect on the vegetation 
inherent to an ecosystem.
Recently, quantification of the effects of fire has become an important 
consideration for both scientists and land managers. Scientists now recognize fire as an 
important source of the trace gases and aerosols that affect the earth’s climate and its 
carbon balance (Periera and Setzer, 1993; Levine et ai,  1995; Roy et ai,  1999), and are 
beginning to assess the ecological implications of a decades-long policy of fire 
suppression (Jones and Chew, 1999). Land managers now see fire as a potential tool for 
reducing fuel buildups in an expanding urban interface; and increasingly need to monitor 
a suite of fire effects, including smoke production, vegetation mortality, and soil stability.
A logical tool for the assessment of fire effects is remote sensing. Many authors 
have shown that the character of fire effects can be captured and quantified using the 
tools and technologies available through the science of remote sensing (Jakubauskas et 
ai,  1990; Periera and Setzer, 1993; Greer, 1994; Marchetti et ai.  1995; White et ai,  
1996; Hardwick et ai,  1998; Kushla and Ripple, 1998; Key (a) and Benson, 1999;
Koutsias and Karteris, 2000; Brumby et ai,  2002). Remote sensing enables scientists 
and land managers to obtain a landscape scale view of the fire induced effects on the 
ecosystem, providing a repeatable and archival record for landscape assessment and 
comparison.
In 1999 the concept of a standardized field measure of bum severity, the 
composite bum index (CBI) (Key (b) and Benson, 1999), that could be correlated to a 
satellite based fire index, the normalized bum ratio (NBR) (Key (a) and Benson, 1999), 
was introduced. The CBI uses ground measures of fire effects that can be detected by a 
Landsat Thematic Mapper (TM) satellite sensor, incorporating estimates of scorch, 
consumption, and mortality across vegetation strata. The purpose of this thesis is to 
evaluate the performance of the NBR logic on the Valley Complex in the Bitterroot 
Valley, MT using Landsast Enhanced Thematic Mapper Plus (ETM+) imagery. The 
NBR is used to provide a general description of the pattem of severity on the landscape, 
and a more detailed description of the breakdown of severity distribution within classes 
of landscape characterizing variables. The specific goal and objectives of the study are as 
follows:
Goal
The goal of this study is to conduct an exploration of the performance of the NBR 
logic on the Valley Complex of 2000.
Objectives
There are five major objectives for this study. The first is to apply the NBR logic 
to Landsat ETM+ imagery of the study area to estimate the proportion of area that bumed 
in each severity class. This will be done for both a rapid assessment (RA) and an 
extended assessment (EA) differenced (A) NBR. Second, map and quantify the physical 
setting within the Valley Complex perimeter to determine the proportion of area that falls 
within each landscape class of aspect, slope, and fire group. Third, determine the 
proportional breakdown of severity stratified by the physical setting variables of aspect, 
slope class, and fire group; this will be done for RA ANBR, EA ANBR, and the BAER 
severity map. Fourth, conduct a comparison of the results of RA and EA ANBR 
proportions and stratifications to determine differences and areas of change. Fifth, 
conduct comparisons of RA ANBR and the BAER map proportions and stratifications to 
determine proportions and areas of agreement.
Background
The primary effect of fire is biomass removal; either through direct consumption 
of organic matter or plant mortality (Brown and Smith, 2000). Such removal will result 
in the spectral response of the landscape varying as a function of the bum’s severity 
(Jakubauskas et ai,  1990; White et ai,  1996). Theoretically, the character of these 
effects can be captured and quantified using the tools and technologies available through 
the science of digital remote sensing. The effects of fire on ecosystem components and 
processes can be both immediate and lingering, depending heavily on the characteristics 
of the fire in question and the vegetation through which it bums. Some species regard 
fire favorably and have adapted to the fire process over the centuries to become resistant 
to fire, insulating themselves from the damaging effects of high temperatures with thick 
bark and bud scales or developing reproductive behaviors that rely on the presence of fire 
to wipe out competition and create a viable seed-bed of exposed mineral soil. Other 
species are easily damaged by fire, with thin bark or shallow root systems, and tend to 
propagate more readily in its absence (Fischer and Bradley, 1987). Not only does fire 
affect a varying response in different vegetation types but those same vegetation types 
affect a variation in the responses, or characteristics, of a fire as it carries through them. 
Those fire characteristics can be broken down into two very broad categories: fire 
behavior and fire effects.
Fire behavior refers to the quantification of the physical properties of the fire 
itself, such as intensity (defined as the amount of heat released per unit area and time 
during combustion), flame length, and scorch height. Fire effects, which can be
correlated to fire behavior, refer to the direct (first-order effects) and the long-term 
(second-order effects) influence that fire has on the ecosystem and its components (Keane 
et ai,  1996). In general, when vegetation classifications based on their relationship to 
fire are attempted, they are grouped according to the historic or expected severity within 
a particular vegetation type or community (Davis et ai,  1980; Fischer and Bradley, 1987; 
Agee, 1993; Brown and Smith, 2000), because the vegetation mosaics that develop 
following a fire are largely governed by the pattem of fire severity (White et ai,  1996; 
Brown and Smith, 2000). These types of classification schemes are termed fire regimes.
Defining Fire Severity
Often the terms “severity” and “intensity” are used interchangeably. This can be 
a source of confusion, as they do not mean the same thing. As defined above, intensity is 
a descriptive term falling in the category of fire behavior that refers to the process of 
combustion. Severity, on the other hand, falls in the category of fire effects and refers to 
the amount of damage inflicted on the landscape by fire. The degree of severity is highly 
associated with the fire behavior experienced by the site (Keane et al,  1996). Fire 
intensity cannot be mapped without having the apparatus in place beforehand to measure 
and quantify the intensity as the fire line passes. Only the effects of that behavior, 
severity, can be evaluated and mapped post-fire. The correlation between intensity 
(coupled with the other characteristics of fire behavior) and severity is perhaps the 
primary source of the confusion in usage of these terms.
There is no common standard used to measure (on the ground) and define severity 
ecologically, let alone from a digital image acquired via satellite. Some suggest, even, 
that is inappropriate to discuss fire severity without also taking into account the historical 
fire regime in question, as a “high severity” fire for one particular fire regime might not 
qualify as “high severity” in another (Hardy, personal communication. 2002). For 
example, a stand replacing, high intensity fire in a Pinus ponderosa (FIFO) stand would 
be considered abnormal but the same fire in a Pinus conforta (FICO) stand would not 
(Fischer and Bradley, 1987), so it should not qualify as high severity in terms of 
ecological impact to the FICO stand. Along those lines, some prominent references in 
the realm of fire ecology refuse to define the term altogether (Agee, 1993). In the context 
of fire regimes severity can at least be categorized, if not wholly defined. The primary
ecological concern with fire regime types lies in the end results of the fire; specifically 
whether or not the fire leaves the dominant aboveground vegetation alive and standing or 
results in stand replacement. Using this as a guideline, forests of all types can be grouped 
into three fire regimes (understory, mixed, and stand replacement) that correspond to 
three severity types (low, moderate, and high) (Brown and Smith, 2000). The three 
categories, or levels, of severity are based on the relative impact to the stand:
“A low-severity or cool fire is one that has minimal impact 
on the site. It bums in surface fuels consuming only the 
litter, herbaceous fuels, and foliage and small twigs on 
woody under-growth. Little heat travels downward through 
the duff. A moderate fire bums in surface fuels but may 
also involve a tree understory. It consumes litter, upper 
duff, understory plants, and foliage on understory trees.
Individual and groups of overstory trees may torch out if 
fuel ladders exist. A high-severity or severe fire is one 
that bums through the overstory and consumes large woody 
surface fuels or removes the entire duff layer over much of 
the area. Heat from the fire impacts the upper soil layer 
and often consumes the incorporated soil organic matter.”
(Fisher and Bradley, 1987. pg. 2.)
Another, more simple classification scheme and one that defines attributes detectable 
using remote sensing is that of Ryan and Noste (1985);
Table 1. Field Eurn Severity Classification Criteria (Ryan and Noste, 1985)
Burn Severity Litter Soil Fuel Vegetation
Light not consumed not altered few small fuel 
consumed
some scorch, 
especially 
shrubs
Moderate completely
consumed
darkened w/ 
white ash
small fuels 
consumed
small diameter 
trees and shrubs 
killed
High completely
consumed
stability lost, 
reddish w/ 
white ash
small and 
medium fuels 
consumed
all vegetation 
killed including 
rhizomes
While these are useful definitions and descriptions of site severity, at least in terms of 
recognizing the effect within a given area, Ryan and Noste's definitions do not address 
the ecological significance of varying degrees of severity. Fire severity is not a constant 
across any given bum, varying with time and across the landscape (Brown and Smith, 
2000). Therefore, in order to make assessments of the ecological impact of fire a more 
holistic definition is necessary. Extrapolation beyond the individual stand or site and 
integration with the effects on the landscape, both bumed and unbumed areas, is 
imperative for a comprehensive ecological assessment to be conducted.
Fire severity has been defined in the literature ranging from the simple, “the 
biological responses due to differential surface heating” (White et al. 1996), to the 
complex, “a qualitative measure of the immediate effects of fire on the ecosystem. It 
relates to the extent of mortality and the survival of plant and animal life both 
aboveground and belowground and to loss of organic matter. It is determined by heat
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released aboveground and belowground” (Brown and Smith, 2000). Both of these 
definitions are saying the same thing, White et aVs, however, is more generalized than 
Brown and Smith’s definition. The element that both leave out of their definitions, 
though, is the concept or phenomena of change.
In order to make a qualitative assessment of severity so that the methods and 
definition are transferable beyond the fire in question, the degree of change from pre­
existing to post-fire conditions must be quantified. Knowledge of the pre-fire landscape 
characteristics is necessary in order that the magnitude of the post-fire change on the 
landscape can be assessed and qualified (White et al,  1996). Therefore, a more holistic, 
ecological definition of bum severity is one that incorporates not only the response of the 
vegetation but also the cumulative effect on the landscape communities and, hence, the 
degree of change resulting from a fire induced disturbance (Jakubauskas et al,  1990; 
White et al., 1996; Key, 2002). Not coincidentally, this definition of severity lends itself 
to the specialties of remote sensing. Change detection and quantification in forested 
ecosystems can be accomplished by comparing the difference in the spectral response of 
the landscape from a pre- to post-disturbance image (Jakubauskas et al,  1990; Lillesand 
and Kiefer, 1994; Coppin and Bauer, 1996; Jensen, 1996; Macleod and Congalton, 1998; 
Key (a) and Benson, 1999; Mather, 2001 ; Song et al,  2001 ; Key, 2002).
Determining Fire Severity
Traditionally fire severity has been determined either through the use of complex 
mathematical models (Albini and Brown, 1996; Reinhardt et ai,  1998; Ryan, 1998; 
Beukema et al., 1999) or through a combination of intensive ground sampling, aerial 
observation, and sketch mapping (Greer, 1994; Lachowski et at., 1997; Hardwick et ai,  
1998; Brennan and Hardwick, 1999). Either method can involve not only a significant 
expenditure of time and money but can also add a certain degree of subjectivity to the 
assessment. For example, the validity of a severity assessment conducted through the use 
of a mathematical modeling exercise relies heavily on the accuracy of the input 
parameters utilized. Land managers, however, must have reliable methods of predicting 
tree mortality from fire -  be it prescribed or wildfire -  so that appropriate harvest and 
salvage plans can be written that do not waste resources unnecessarily (Ryan, 1998). 
While mathematical models do have their place and can provide support in some 
decision-making processes, they are limited in their scope of prediction and do not 
always provide concrete Justification for decision-making (Albini and Brown, 1996). 
Managers are left to these field observations and ex post facto severity assessments to 
guide them in their management decisions. Recent studies have shown, however, that 
this process can be improved upon with the use of remote sensing and other geospatial 
technologies (Jakubauskas et ai,  1990; Warren and Celarier, 1991; Periera and Setzer, 
1993; Greer, 1994; White et ai, 1996; Lachowski et ai,  1997; Hardwick et al., 1998; 
Kushla and Ripple, 1998; Brennan and Hardwick, 1999; Key (a) and Benson, 1999; 
Koutsias and Karteris, 2000; Brumby et ai, 2002; Key, 2002).
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The Bumed Area Emergency Rehabilitation (BAER) teams have the directive of 
mapping the extent of fire severity within effected watersheds in a timely and cost- 
effective manner so that treatments can be prescribed and initiated prior to the first storms 
of the season to minimize the hazards of erosion and potential damage to roads and 
infrastructure (USES, 1976; Lachowski et al,  1997; Hardwick et al., 1998). The BAER 
teams accomplish this task, in large part, by creating maps of bum intensity -  which, as 
discussed above, is an ambiguous term -  which is used in referring to “the fire effects on 
the watershed” and is “the key measure of the severity of the fire’s impact on the 
ecosystem” (Hardwick et ai,  1998). Essentially, the effects of interest within the 
watershed are reduction in ground cover and soil stability, and development of soil 
hydrophobicity. Information is gathered on these variables so that critical areas within 
the bum can be identified, erosion potential assessed, and appropriate action 
recommended. It is recognized that the current methods produce maps that are 
generalized, simplified, and contain error in delineation of bum severity. A method was 
devised by BAER teams working with Pacific Meridian Resources (PMR) to try and 
minimize this error using remote sensing and available Geographic Information System 
(GIS) data.
II
Remote Sensing o f Fire Effects
The BAER/PMR method was tested on the Fork Fire in the Mendocino National 
Forest and was shown to improve the thematic and spatial accuracy of the BAER maps 
by at least 20%. The improvement was a result of a combination of airborne digital 
imaging using a color-infrared (CIR) digital camera, ground verification, and GIS 
analysis. BAER team analysts identified bumed areas on the imagery and assessed the 
level of intensity by ocular estimation in conjunction with field measurements and 
vegetation stratification. The results were then input to a GIS and soil erosion models 
were run to analyze the areas most at risk to substantial soil loss events within the 
watershed. This enabled the BAER team to create a map that was much more spatially 
precise, minimizing errors of omission and commission, and identify at risk areas to the 
sub-watershed level. (Lachowski et a/., 1997; Hardwick et u/., 1998)
Problems or limitations with this method are various. First is the cost of image 
acquisition and pre-processing is substantial. A land manager could acquire satellite 
imagery for a fraction of the cost and get 5000 times the coverage (Lillesand and Kiefer, 
1994; Kushla and Ripple, 1998). The preprocessing of the data is so intensive that it 
must be shipped to Massachusetts upon acquisition in order for it to be of any use -  
giving the BAER teams a few more days in the field to make their assessment, without 
the use of imagery. Second, the BAER analysts have little or no remote sensing 
experience and are not utilizing the full potential of the imagery in their analysis -  going 
strictly with an ocular estimation of severity weighing heavily on field observations -  
they are essentially using the imagery as a base map to manually delineate intensity as it 
was already determined in the field while they were waiting for the data to be processed
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(Brennan and Hardwick, 1999). Third, most of the analysis could be done without the 
imagery simply using the available GIS data and aerial observation since it is little more 
than that anyway. Lastly, and most importantly, using the ecological definition of fire 
severity provided above, there is no element of change in the assessment because there is 
no information on prior condition beyond a crude map of existing vegetation. In order 
for an assessment of the degree of change to be conducted there must be knowledge of 
the existing condition of the landscape prior to the fire. Otherwise pre-fire vegetation 
conditions, such as insect infestation or stand fire history, can influence the classification 
of severity (White et al, 1996).
Numerous studies utilizing satellite data to map the extent and effects of fire on 
the landscape have been conducted. These studies are based on the ability of the satellite 
to detect and discern landscape characteristics by measuring the spectral reflectance of 
the earth’s surface (Jensen, 1996; Mather, 2001), particularly that of vegetation and soil. 
While temporal resolution is not typically a limiting factor in mapping post-fire effects, 
radiometric and spatial resolution are large considerations when choosing the correct 
sensor for such an assessment. Spatially coarse sensors such as the National Oceanic and 
Atmospheric Administration’s (NCAA) Advanced Very High Resolution Radiometer 
(AVHRR) provide continuous daily coverage of the entire globe at a nominal resolution 
of 1 km^ (Jensen, 1996; Mather, 2001) which allows for reliable large fire detection 
(Robinson, 1991; Rauste, 1997; Remmel and Perera, 2001) but does not accord the 
spatial resolution necessary for bum area assessments. The Landsat series of earth 
observation satellites do, however, provide both the radiometric and spatial fidelity 
necessary for such an assessment as they were designed primarily for the task of
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acquiring information on natural resources (Jensen, 1996). All of the studies reviewed 
below utilize data acquired by one or more of the Landsat satellites. Some have been 
directed strictly at identifying the area of a bum, or bum scar (Periera and Setzer, 1993; 
Koutsias and Karteris, 2000; Salvador et ai,  2000), while others have attempted to 
quantify the degree of fire induced change by mapping fire severity (Jakubauskas et al., 
1990; White et ai,  1996; Kushla and Ripple, 1998; Key (a) and Benson, 1999; Bmmby et 
ai,  2002; Key, 2002). All of these rely on a change, either between images or across a 
single-date image, in the spectral signal of the landscape as a result of vegetation stress or 
removal to conduct their assessment. While there can be problems inherent to multiple 
image change detection studies, the errors associated with these can be minimized with 
proper radiometric and geometric processing of the imagery prior to analysis (Jensen, 
1996; Mather, 2001).
Periera and Setzer (1993) conducted a study on mapping fire scars in the forests 
of the Amazon using multi-date Landsat-5 Thematic Mapper (TM) imagery in the interest 
of describing the spectral characteristics of fire scars to provide the basis for an automatic 
detection algorithm for the assessment of biomass buming in the tropics. They found that 
in the single scenes the most information for fire scar detection came from TM channels 
3 (Red), 4 (NIR), and 5 (SWIR). In the scene-to-scene comparison it was found that TM 
channel 4, NIR, was the most adequate for monitoring of fire scar recovery.
Salvador and others (2000) attempted to devise a method for the automatic 
detection of fire scars on the Iberian Peninsula in Spain using eighteen years of Landsat 
Multi-Spectral Scanner (MSS) data. Landsat MSS is the precursor to the Landsat TM 
and ETM+ sensor series. For comparison between image dates a method of image
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subtraction, a common choice for change detection between multi-date image sets, was 
employed. The simplicity and robustness of the technique made it the most suitable 
choice for such a large and varying data set. After masking out areas that did not contain 
fire (i.e. cropland, urban areas, or waterways) they chose the approach of tracking 
changes in Normalized Difference Vegetation Index (NDVI), a ratio of red reflectance to 
near-infi-ared reflectance, values as the criteria for detection of bum scars. They found 
that while differenced (A) NDVI is a good indicator of a bum initially, the NDVI 
saturates quickly with vegetative recovery of any sort making it ineffective at monitoring 
long-term site recovery.
Koutsias and Karteris (2000) conducted a study using a method of logistical 
regression on a single-date post-fire image to map bum scars of a fire in Athens, Greece. 
As a sub-objective of the study they sought to estimate the spectral information, with 
regard to fire scars, contained in Landsat-5 TM data. These single-date-approach 
methods rely on differences in the spectral response of objects across the image rather 
than between images as in a multi-date methodology. A single-date approach does not 
have the problem of the errors associated with radiometric and geometric differences 
between scenes. A comparison of the spectral signatures of land cover groups to bumed 
area was conducted. Through logistical regression models they found that TM charmels 4 
and 7 (MIR) held the most information in regard to bum scar discrimination and that TM 
channel 5 held the least. The reflectance response of the two channels were completely 
opposite, with low channel 4 reflectance and high channel 7 reflectance. A comparison 
of the performance of NDVI versus a normalized difference index computed as (TM 7 -  
TM 4)/(TM 7 + TM 4) showed that the index of TM 7 and TM 4 was far superior for
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bum area mapping than NDVI. The conclusion drawn was that, based on the logistical 
regression models, the best three channel composite for discriminating bumed area is TM 
4, TM 7, and either TM 1 (Blue) or TM 2 (Green).
Jakubauskas and others (1990) utilized multi-date and multi-sensor imagery to 
map the extent and degree of vegetative change following the Mack Fire of 1980 in 
Michigan and linked the observed differences to variations in bum severity. Stratifying 
the landscape by vegetation class they defined three levels of severity (light, moderate, 
and severe) using a photo-interpreted USES map of the fire. A GIS matrix operation was 
then computed so that the nature and degree of change within each individual class in the 
data set would be preserved. They found that the pattems of post-fire vegetative recovery 
and change were highly correlated to severity and the pre-existing vegetation.
White and others (1996) looked at severity mapping and vegetation recovery on 
the Red Bench Fire in Glacier National Park, 1988. Their purposes were to relate field 
evaluated bum severity to spectral response, identify the ecological changes affecting 
spectral response to fire over time, and to map fire severity from satellite data. Ground 
plots were chosen within the study area and severity was determined and mapped into 
three levels (light, moderate, and high as described in Table 1) to aid in the classification 
of the satellite imagery. The spectral data for each level of severity was then evaluated 
by assessing pre- and post-fire reflectance for each TM channel so that the spectral data 
and year of imagery containing the most distinguishing information for mapping bum 
severity could be determined. While this was a multi-date comparison for vegetative 
recovery, they chose to map severity only using the data from the image from the year 
following the fire, 1989. It was found that TM 7 was the only channel able to distinguish
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all severity classes among forests and, hence, was the only channel used in the severity 
determination. The fire perimeter was masked from the imagery and the severity 
classification was conducted by dividing the TM 7 reflectance distribution into three 
equal classes. They then looked at the spectral response over time within these severity 
classes of channels 3, 4, 5, and NDVI [(TM 3 -  TM 4)/(TM 3 + TM 4)]. In the pre-fire to 
the year following the fire they found that the level of bum severity was correlated with 
increased TM 7 reflectance and decreased NDVI values, which is indicative of vegetation 
removal and soil exposure. It was found that severity in the second year is only related to 
TM 7 reflectance as none of the other channels changed consistently. The conclusions 
drawn from this study were that the single-date severity assessment is relevant for 
describing the nature of the fire, TM 7 is sufficient for mapping overall bum severity, and 
that the ground level severity assessment presented in Table 1 is related to satellite 
radiometric measures.
Kushla and Ripple (1998) conducted an assessment of the Wamer Creek Bum, 
1991, in the Willamette National Forest to determine the effects of fire severity on 
spotted owl habitat fragmentation. The goals of this study were to evaluate the 
effectiveness of Landsat TM data for mapping forest survival post wildfire, identify the 
best algorithm(s) for severity determination, investigate the usefulness of including GIS 
data in the assessment, and to describe the fire effects on the landscape pattem. They 
defined severity as the degree of canopy removal following the fire and classification 
schemes were presented that utilized both single and multi-date image data in the attempt 
to discriminate between live and dead, but still standing canopy. All of the channel data, 
except channel 1 and channel 6, were included in the assessment. It was found that a
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single-date ratio of channels 4/5 (termed the Structural Index or SI) exhibited the best 
performance in discrimination of live-canopy and was only slightly affected by 
topography. The performance was enhanced substantially with the inclusion of pre- to 
post-fire differencing techniques.
Brumby and others (2002), working on the Cerro Grande/Los Alamos Fire in 
New Mexico from May of 2000, report on a machine learning technique for mapping and 
classifying bum severity using Landsat 7 Enhanced Thematic Mapper Plus (ETM+) 
imagery. Their software, called GENIE, is “an evolutionary computation (EC) software 
system using a genetic algorithm (GA) to assemble image-processing algorithms from a 
collection of low-level (‘primitive’) image processing operators’’ (pg. 237). The program 
can produce terrain classifications based on the extraction of multiple features from the 
same scene. The study used channels 3, 5, and 7 taken from a single ETM+ post-fire 
scene as the analysis data and training data based on the official BAER team severity 
map. The end result was an algorithm too complicated to be used in conventional image 
processing software but one that classified high severity in similar proportions to the 
BAER map that was used as truth.
The work presented here will be based on the methods of Key and Benson (1999), 
which represent a synthesis of the available knowledge in the field of fire severity 
determination and classification using satellite remote sensing. Key and Benson provide 
both a field method for the determination of severity, called the Composite Bum Index 
(CBI) (Key (b) and Benson, 1999), and an algorithm with a classification scheme for the 
mapping of fire severity using Landsat 7 ETM+ imagery, called the Normalized Bum 
Ratio (NBR) (Key (a) and Benson, 1999). The CBI is designed to measure the effects
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that collectively constitute a ground response that is detectable with a moderate resolution 
sensor such as Landsat 7 ETM+ so that the scores reported by the NBR are directly 
related to actual field measures of fire severity.
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Composite Bum Index
It has been shown that field measures of severity can be correlated to satellite 
estimates of site severity (White et al., 1996). The CBI was designed with the 
requirements and objectives of remote sensing in mind, using a multi-layered approach 
and choosing factors with the potential to significantly affect the spectral response of the 
site. There are basically two phenomena that are being observed in the field assessment: 
1) the amount of biomass consumed and the character of the residuals (i.e., scorch height, 
soil exposure, and ash); and 2) the short-term potential for vegetative recovery. The 
methods are intended to derive an index value that is representative of the general fire 
effects experienced by the whole plot, or the average bum severity within the plot.
Considering that the nominal resolution of the Landsat 7 ETM+ sensor is 30m', 
the ground plots must be of approximately the same size (> 25m radius) and spaced far 
enough apart (> 60m apart) to be independent of each other in order to be able to relate 
the field measurements to the remotely sensed data. The sampling design assumes a 
landscape scale perspective of the bum and the primary goal is to capture the range of 
variation across the bum, covering all of the varying degrees of bum severity in as many 
physical settings as possible. Data are meant to be taken quickly and rely mainly on 
personal judgment and ocular estimation of the desired variables. This design is both 
hierarchical and multi-layered, meaning that each strata of the vegetative community 
receives its own severity rating and then the individual strata ratings are aggregated to 
give a composite rating for the whole plot.
The design is such that the site is split into three composite levels and five strata 
within those levels. The composite levels consist of the understory, the overstory, and
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the total plot. The strata defining the understory are 1 ) substrates, 2) low herbs and 
shrubs, and 3) tall shrubs and sapling trees. The strata defining the overstory are I ) 
intermediate-sized trees and 2) mature trees. Each strata is further broken down into 
observable and quantifiable characteristics inherent to that strata (see Figure 1 ). The total 
plot rating is a composite of the understory and the overstory scores. When evaluating 
the strata the CBI is looking to answer the question of “how biologically important are 
the consequences of a given fire; or how much has fire altered the biophysical conditions 
on a site?" (Key, 2002) and then provides a numeric value on the scale of 0.0 (no effect) 
to 3.0 (highest bum effect). Some of the factors considered when determining a site’s 
CBI rating are color and condition of the soil, amount of vegetation and fuel consumed, 
regeneration by pre-fire vegetation, establishment of new serai species, and blackening 
and scorching of trees. The CBI recognizes that the same fire intensities, depending on 
the plant communities in question, can result in very different fire severity ratings 
because it is inherently related to the pre-fire conditions of the site and measures the 
magnitude of change following the fire on a relative scale. The composite rating of the 
total plot integrates all five strata through a weighted average of the number of strata 
present and evaluated in the understory and overstory -  missing strata are simply ignored 
in the calculation. The measure of severity is then a consistent numeric value gauging the 
degree of change present on the site as a whole. The CBI enables correlation with other 
environmental variables and allows comparison between bums in different ecosystems 
(Key (b) and Benson, 1999).
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Figure 1. CBI Plot Evaluation Form
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Normalized Burn Ratio
Key and Benson ( 1999) have determined that a normalized ratio of 
reflectance values for TM/ETM+ Channels 4 and 7 (see formula 1 ), termed the 
Normalized Bum Ratio (NBR), has the best performance of any vegetation index seen in 
the literature for detecting bum scars and measuring of bum severity based on validation 
of its performance using the field measured CBI. This finding is based on the work of 
White and others (1996) and supported by Koutsias and Karteris (2000).
Formula 1. NBR = (R4 -  R7)/(R4 + R7)
Where the R values for channels 4 and 7 (NIR and MIR, respectively) are the 
radiometrically calibrated exo-atmospheric reflectance proportions for each wavelength. 
The radiometric normalization and band ratioing help to compensate for sun angle 
differences and topographic variation across and between scenes (Markham and Barker, 
1985; Jensen, 1996; Mather, 2001).
The NBR takes advantage of the increase in reflectance of the MIR and the 
decrease in reflectance of the NIR following a fire. The water contained in the leaves of 
normal, healthy vegetation will tend to absorb light in the MIR range and reflect that in 
the NIR, hence the red appearance of healthy vegetation in color-inffared photography 
(Lillesand and Kiefer, 1994). The response of the NIR to healthy vegetation has been 
well documented and is the reason for its inclusion in the calculation of the NDVI, the so 
called “red wall” describes the dramatic increase in reflectance of the NIR portion of the
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spectrum from absorption in the red spectrum due to actively photosynthesizing 
vegetation (Jensen, 1996). The longer wavelength MIR is generally absorbed by water 
present in a full vegetation canopy and the exposure of bare soil and rock through fire 
increases reflectance in the MIR region of the spectrum (White et al., 1996). The 
radiometric properties of the channels used in the calculation of NBR make them 
sensitive to the physiological changes caused by fire. In and of themselves, however, 
they are not adequate to classify fire severity. As discussed in section 1.1, an element of 
change is necessary to fully quantify the level of severity. This change detection is 
accomplished through NBR differencing (ANBR).
The change detected through ANBR (see formula 2) directly reflects the 
ecological change caused by the fire, the magnitude of which is the fire severity (Key, 
2002).
Formula 2. ANBR = NBRpre-nre -  NBRpos(-nre
An assumption is made that the unbumed terrain has not experienced a significant change 
between the two sample dates and, as such, background values should be near zero in the 
ANBR image. Bumed areas, meanwhile, will experience strongly negative or positive 
values depending on whether the fire has badly damaged the site or actually enhanced 
productivity. The bumed areas will be easily distinguishable from the unbumed areas 
and will exhibit a wide range of ANBR values within the bum perimeter depending on 
the characteristics of the actual fire (Key, 2002).
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The ANBR scores have been shown to correlate directly with CBI values, 
allowing for a verifiable and repeatable quantification of the observed severity rating.
This has been tested in a range of ecosystems from bums in Glacier National Park, 
Montana to the 2000 Los Alamos fire in New Mexico. The direct correlation between the 
field measured CBI and the remote sensing derived ANBR enables a classification of fire 
severity to be made directly from the imagery, without the need for ground verification of 
the site. For the purposes of this thesis an implicit assumption will be made that the 
values obtained from ANBR are directly related to CBI values for ground measured 
severity and no field validation of the severity maps produced will be necessary.
Key and Benson (1999) advocate the use of a multi-phase ANBR assessment, 
discerning between a “rapid” and “extended” assessment. In most cases the site severity 
can be assessed almost immediately as some indicators of severity are evident as soon as 
the fire passes (i.e. scorching, charring, fuel consumption, and soil exposure). A rapid 
assessment (RA) deals with imagery that captures these immediate post-fire effects. This 
type of assessment can provide an initial severity estimate and an excellent bum area 
delineation, but it lacks some of the necessary components to ecologically assess the 
near-term severity experienced within the bum. Recognizing this limitation, the extended 
assessment (EA) ANBR utilizes imagery from early in the following growing season, 
when the vegetation has experienced slight recovery and the additional responses to 
buming, those associated with severity, have had a chance to manifest themselves more 
fully. The EA ANBR helps to address the more long-term ecological implications and 
impacts of the fire, providing a more complete delineation of the bumed area and 
summary statistics on the severity levels and bum heterogeneity.
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Landscape Stratification
In order to fully explore and better understand the pattem of severity that is 
observed on the landscape, knowledge of the physical setting through which the fire 
bumed in necessary. Fire severity is correlated to the pattem of fire behavior (Keane et 
a i, 1996) and fire behavior is influenced by the three constituents of the “fire triangle” -  
fuels, weather, and terrain (Agee, 1993). Weather cannot be mapped or accounted for 
using either remote sensing or available digital data. Fuels -- at least fuels in the sense of 
existing vegetation that the fire will bum through — and terrain, however, can be derived 
from available GIS data.
The terrain variables of interest that can influence fire behavior are elevation, 
slope, and aspect.
“Elevation is important both regionally and locally.
Regionally, temperature declines with elevation and tends 
to be an important environmental gradient affecting the 
distribution of major vegetation zones. Temperature will 
affect the length of the fire season, particularly at high 
elevation where snowpack will limit both growing season 
and fire season.” (Agee, 1993. pg. 40.)
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Elevation in itself is not a factor that directly influences fire behavior. As long as 
vegetation data are available then there is no need for consideration of elevation as a 
terrain variable of interest.
“Slope is an important direct input to fire behavior models.
Steeper slopes cause fire to spread faster. Radiant heat is 
emitted closer to upslope fuel particles and can preheat 
those particles more effectively. Convective heat moving 
upslope will also increase heating of fuel particles. Slope 
position affects fire behavior since fires starting at the top 
of a slope are more likely to be dominated by backing or 
flanking fire behavior, while those starting at the bottom of 
the slope are more likely to be dominated by heading fire.’’
(Agee, 1993. pg. 40.)
Slope is also a terrain factor that can influence fire behavior. In general the more 
steep the slope higher severity can be expected as the soil and vegetation upslope from 
the fire receives more radiative heat from hot gases and flames than that on flatter slopes 
which can dry out fuels ahead of the fire increasing the intensity and spread rate of the 
fire. Whether the fire started at the top of the slope versus the bottom of the slope cannot 
reliably be determined from a satellite image. For this reason slope position is not a 
terrain variable of interest. Slope steepness, however, is considered and can be derived 
using the information contained in a digital elevation model (DEM).
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“Slope with aspect influences fire behavior indirectly by 
affecting available moisture. South aspects more 
perpendicular to the sun’s rays receive higher solar 
radiation, and evaporation is higher. Generally, steep 
south-facing aspects are driest and northeast aspects are the 
most mesic.” (Agee, 1993. pg. 40.)
Aspect is a terrain factor that can influence fire behavior and should be considered 
in the analysis. Fire behavior can potentially be more extreme on those aspects receiving 
the most sunlight throughout the course of the day due to drying out of fuels and 
decreased relative humidity. Recovery rates will also be influenced by aspect and the 
energy budgets associated with aspect variations (Agee, 1993). Aspect can also be 
derived from the information contained in a DEM.
A number of studies have incorporated vegetation information and stratification in 
their assessment of fire severity (Jakubauskas et a l, 1990; White et a l, 1996; Hardwick 
et a l, 1998; Kushla and Ripple, 1998; Redmond et a i, 2001). None of these, however, 
went beyond the descriptive ability of habitat type or land cover type. It would seem 
more appropriate to stratify the landscape using vegetation classifications that incorporate 
a certain degree of fire ecology knowledge and that allow for some inference to be made 
beyond mere observation.
Thus, there are three classification schemes that were considered for this project: 
condition class, historical fire regime, and fire groups. Condition class, which is loosely
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defined as the degree of departure from the mean fire return interval, and historical fire 
regime were rejected because the scale to which they are applicable is regional at best 
(Morgan et a i, 2001). Fire groups were chosen as the vegetation descriptor because they 
are applicable to a stand level scale study (Davis et a l, 1980; Fischer and Bradley, 1987) 
and they are definable using land cover type data that is available in GIS format. Fire 
groups are based on “the response of the tree species to fire and the roles these tree 
species take during successional stages” (Fischer and Bradley, 1987). A full description 
of the fire groups and the breakdown by cover type is given in Section 2.3.3.
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Synopsis
The literature suggests that the optimal TM/ETM+ channels for bum severity 
analysis are channels 4 and 7, the NIR and MIR respectively. Reduction in biomass and 
exposure of mineral soil as a result of fire has the effect of increasing MIR reflectance 
and decreasing NIR reflectance. The spectral response of the landscape as captured by 
the TM/ETM+ sensor can be exacerbated by employing a normalized ratio of channels 4 
and 7. Employing a multi-temporal image based change detection routine will enable the 
user to quantify the degree of fire-induced change. Two fundamental steps in multi­
temporal image based change detection are the calibration to exo-atmospheric reflectance 
and the application of an atmospheric correction routine, which will serve to normalize 
for differences in sun angle and atmospheric transmittance between image dates. 
Stratification by landscape characterizing variables such as aspect, slope class, and fire 
group will enable further qualification of the bum severity effects on the ecosystem. This 
is significant because none of the currently published bum severity studies utilizing 
Landsat data have incorporated these landscape variables in their analysis. In particular, 
the use of fire group will enable the effect of the observed severity to be better 
understood and qualified.
As a result of this review of the state-of-science, this thesis has formulated a goal 
of conducting an exploration of the performance of the ANBR logic on the Valley 
Complex fires of 2000 in the Bitterroot Valley, MT. This goal will be addressed through 
the following five objectives:
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1. Apply the ANBR logic to Landsat ETM+ imagery of the study area to estimate 
the proportion of area that bumed in each severity class.
2. To map and quantify the physical setting within the Valley Complex perimeter to 
determine the proportion of area that falls within each landscape class.
3. Determine the proportional breakdown of severity stratified by the physical 
setting variables of aspect, slope class, and fire group.
4. Conduct a comparison of the results of RA and EA ANBR proportions and 
stratifications to determine differences and areas of change.
5. Conduct a comparison of RA ANBR and the BAER map proportions and 
stratifications to determine proportions and areas of agreement.
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Methods/Analysis
The methods/analysis chapter will outline the specific actions taken during the 
development of the study ranging from the data procurement to the acquiring of the final 
results. Figure 2 is a generalized flowchart of the process followed in the completion of 
the thesis. The process starts with the data importing and pre-processing steps, including 
geometric correction and radiometric calibration. Next is the image classification and 
derivation of the landscape characterizing variables. Finally, the GIS matrix operations 
necessary to conduct the analysis produce the maps of severity stratified by the landscape 
variables.
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Study Area
In the summer of 2000 wildfire consumed more than 147,773 hectares of forest 
lands in the Bitterroot National Forest. The Valley Complex of fires started on July 31** 
and bumed until September 10*** of that year. Approximately 85,838 hectares were 
bumed in that time span (USES, 2000). On August 14, 2000 the Valley Complex merged 
with the Sula Complex in the south and eventually spawned the Skalkaho Complex to the 
north (see figure 3). The fires bumed in the southem end of the Bitterroot and Sapphire 
Mountains in southwestem Montana as far south as Lost Trail Pass, as far east as the 
Bitterroot-Big Hole Divide (where it spawned the Mussigbrod Fire), as far west as 
Painted Rocks Reservoir, and as far north as Hamilton. The fire bumed in a range of 
elevations from the valley bottom to the peaks of the southem of the Sapphires and 
through a diversity of vegetation cover types ranging from agricultural grass lands to high 
elevation Pinus albicaulis (PIAL) stands.
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Study Area
Valley Complex; Bitterroot Valley, MT
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Figure 3. Study Area
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Data Compilation
The availability and suitability of Landsat 7 ETM+ imagery was determined 
through the use of the United States Geologic Survey (USGS) Earth Resources 
Observation System (EROS) Data Center and their web-based data clearinghouse search 
engine Earthexplorer (USGS, 2002). The search engine allows the user to input the study 
area coordinates and returns the satellite path/row designation for that area. The time 
period of interest and cloud cover constraints are then defined and a search is performed 
for available data sets. The options are returned and are available to be previewed to 
determine suitability. Four scenes were chosen that covered the study area in the time 
frame of interest and were relatively cloud free (see table 2).
Rapid Assessment Dates Extended Assessment Dates
Pre-fire
Post-fire
September 20, 1999 
October 8, 2000
June 2, 2000 
August 8, 2001
The requirements for both RA and EA ANBR as outlined by Key (2000) are that the 
imagery be acquired from relatively the same time period so that phenologic differences 
are minimal between the two scenes being compared. It is recommended that the scenes 
be within eight to twenty-four days of one another. Admittedly the dates chosen for the 
EA ANBR portion of the experiment are not optimal but there were no cloud free images 
available in the necessary time frame. Normally this would be a matter of concern but 
due to the extraordinary amount of rain received in the southem Bitterroots in June and 
July of 2001 (according to the National Weather Service almost 3” of rain fell in those 
two months) the vegetation had not cured as much as it normally would have and was
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still green. The DEM data were obtained from the National Elevation Dataset (NED). 
The NED is a seamless thirty meter (30m) DEM of the entire United States that it 
published by the USGS. The data come in generic binary format for ease of portability 
between software packages, which implies a certain degree of pre-processing in order to 
translate the date into a usable form.
The daily and final digital fire perimeters were downloaded from the USES R1 
fire information website (USES, 2000). There are two files available on the site, the hot 
spots as detected by IR overflight and the daily composite perimeter of growth from the 
previous day. Both files were downloaded but the IR did not prove to be useful because 
the files only contained the perimeter of actively buming areas at the time of overpass, 
not the cumulative fire growth perimeter.
The fire group data was derived from land cover type data provided in “A Euels, 
Eire, and Eire Regime Database”, that is published by the USES R1 Geospatial office 
(USES, 2000). The database contains information on fire regimes (current and historic), 
condition class, cover type, and fire risk. The cover type data values were assigned 
though a supervised classification of a Landsat TM image and recoded to GAP land cover 
types.
The official BAER team severity map was obtained from Jim Eears, the GIS 
Coordinator for the Bitterroot National Eorest in Hamilton, MT. The data came in 
ARC/INEO GRID format and encompassed all of the fires in the southem Bitterroot and 
into the Wildemess Complex.
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Data Pre-processing
Data Importing
The software used for this analysis was ERDAS Imagine 8.5. None of the data 
were obtained in ERDAS format so all data had to be imported to ERDAS format before 
processing or analysis could be performed. The daily fire perimeter data and the BAER 
severity map were in Arc-export format requiring importation and vector to raster 
conversion using the vector to raster conversion tool in ERDAS. The DEM data came in 
band-interleave by-line (BIL) format. This required that the BIL be imported as generic 
binary prior to its use in ERDAS. The land cover data came in ARC/INFO GRID format 
and required importation and conversion from signed 16-bit data to unsigned 8-bit data so 
that it could be recoded to eliminate the greater than 10,000 place holding values used in 
the GRID. Finally, the Landsat 7 ETM+ data came in “L7 fast format” with each channel 
coming as a separate file. The importation process combines the channels to one file, 
allowing for the composite image data to be utilized.
Geometric Correction
The data, coming from a variety of sources, were not mapped to the same 
basemap parameters which required reprojection of all the coverages to a common 
projection, spheroid, and datum so that comparison would be possible. All maps are 
distorted in distance, direction, area, or shape and only one of these properties can be
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correctly represented depending on the projection selected (Mather, 2001) Considering 
that this study is focused primarily on area assessments it was necessary to select an 
equivalent projection, one that preserves area dimensions. Thus, all of the ETM+ 
imagery, the DEM, the land cover data, and the BAER severity map were reprojected to 
Albers Conical Equal Area using the geometric correction tool in ERDAS. It has been 
shown that for pixel-level change detection using Landsat imagery root mean square 
(RMS) errors of less than 0.2 are required (Stow, 1999). In order to obtain errors that low 
a 3̂ '̂  order polynomial transform was used that yielded average RMS errors of 0.127. A 
nearest neighbor resampling technique was employed to preserve the original pixel 
brightness values of the Landsat data (Duggin and Robinove, 1990; Jensen, 1996;
Mather, 2001). The basemap information is available in Table 3 below;
Table 3. Projection Information
Projection Albers Conical Equal Aea
Spheroid Clarke 1866
Datum NAD 27
1st Standard Parallel 46 N
2nd Standard Parallel 48 N
Longitude of Origin 109.5 W
Latitude of Origin 44N
False Northing 600000 m
False Easting 0 m
Radiometric Correction
“Calibration of digital image data to radiance units is absolutely necessary prior to 
the use of multitemporal or multi-image sets” (Duggin and Robinove, 1990. pg. 1678.).
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Furthermore, a reduction in variability between scenes can be accomplished by 
conversion of spectral radiance to effective at-satellite reflectance (Markham and Barker. 
1985), this will account for differences in sun angle due to timing of image acquisition 
for example. Another major concern for image comparison is atmospheric differences 
between scenes (Coppin and Bauer, 1994). Barring the use of incredibly complex 
atmospheric models to account for atmosphere the simplest and most effective measure is 
a dark object subtraction which corrects for atmospheric path radiance (Song et al,
2001). The Landsat imagery was ordered as Level IG data, geometrically and 
radiometrically corrected data. This required that the applied radiometric corrections be 
“unraveled” in order to obtain the radiance values. Using the information supplied in the 
header files associated with the satellite data the following formula was used to calculate 
radiance (mW cm '  s r ' pm ') from the generic digital numbers (DN):
Formula 3. L, = [(LMAX -  LMIN)/255J*DN + LMIN
where Li is equal to spectral radiance for the i"' channel, LMAX is the minimum radiance 
required to generate the maximum DN (255), and LMIN is the radiance corresponding to 
a DN response of 0; LMIN to LMAX represents the dynamic range of the channel in 
question (Lillesand and Kiefer, 1994). With the spectral radiance calculated above it is 
then possible to convert the derived radiance to at satellite reflectance (/f^) using the 
following equation:
Formula 4. R x  = (7C* L x ) / (  1 /(f  * Esx * cos 0s)
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where Lx is the measured spectral radiance, d is the earth-sun distance measured in 
astronomical units, Esx is the exo-atmospheric solar irradiance integrated for each ETM+ 
channel bandwidth, X,and 0s is the solar zenith angle (Markham and Barker, 1985). The 
earth-sun distance, d, was calculated based on the Julian Day (JD) of image capture 
(Mather, 2001);
Formula 5. d = 1/1 -  0.01674 cosfO.9856 (JD -4)J
The solar zenith angle, Os, is supplied in the image information in the header file. The 
band integrated solar irradiance, Esi, values are available in tables published by the 
EROS Data Center (EDC) in the Landsat 7 Science Data User’s Handbook 
(http://ltpwww.gsfc.nasa.gov/IAS/handbook/handbook_toc.html) and can be found in 
Table 4 below:
Table 4. Integrated Solar Irradiance for ETM+ bands 1-5. 7
Channel 1 2 3 4 5 7
E sx (W m -'u ') 1970 1843 1555 1047 227.1 80.53
“The effects of the atmosphere are assumed not to affect the correlation between 
the upwelling radiance field and the recorded radiance levels, or it is assumed that the 
effect of the atmosphere may be corrected for in calculations” (Duggin and Robinove, 
1990. pg. 1679.). In the case of a single-scene analysis the former is assumed true, but 
for multiple scene comparison the latter is true. For this study the atmospheric correction
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applied was a simple dark object subtraction routine accomplished through the use of the 
graphical modeler (GMD) extension in ERDAS. The global minimum value was 
calculated for each band and subtracted from the calculated values. The theory behind 
this technique is that there will be an object within the scene boundaries that will have 
zero reflectance and, therefore, the minimum Rx value can be accounted for as path 
radiance (Duggin and Robinove, 1990; White et al., 1996; Song et al., 2001).
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Data Analysis
Study Area Delineation
Each of the data files were subset to the study area by creating a binary mask of 
the fire perimeter from the digital perimeters obtained from the USES using the GMD in 
ERDAS. This is a common procedure that reduces the data volume and restricts the 
analysis to only the study area (White et a i, 1996; Koutsias and Karteris, 2000; Key,
2002). The masking process was completed using the image mask function in ERDAS. 
The process retains only those pixels that fell within the boundaries of the Valley 
Complex perimeter.
DEM Derivatives
As discussed above the terrain variables of interest are slope and aspect. These 
variables can be derived from the data contained by a DEM using the aspect and percent 
slope functions in ERDAS. In deriving aspect the program calculates the deviation from 
0 degree. North, of each pixel and reports the value in degrees from 0. It returns a value 
of 361 for flat ground and water bodies. Aspect was broken down into the four cardinal 
directions of North, East, South, and West based on an equal division of the compass (see 
Table 5 below) and the area falling in each class within the Valley Complex perimeter 
was calculated so that normalization could occur:
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Table 5. Aspect Class Definitions
Direction North East South West
Angular Deviation (°) 315.1°-45° 45.1°- 135° 135.1°-225° 225.1° - 315°
The percent slope function in ERDAS calculates the percent slope of each pixel based on 
the elevation assigned to the pixel above and below that pixel. By subtracting the value 
of the lower pixel from that of the upper pixel and dividing by the distance between the 
two, in this case 30m for the entire DEM, the percent slope is derived. The study area 
was then divided into five slope classes (see Table 6 below) and the area for each class 
was determined for normalization purposes:
Table 6. Slope Class Definitions
Class 1 Class 2 Class 3 Class 4 Class 5
0 -1 0 % 11 -  30% 31 -45% 46 -  60% > 60%
Fire Group Designations
After the land cover data had been subset to the study area there were twenty-four 
classes of land cover that remained. As discussed above it was necessary to reclassify the 
land cover variables into a more meaningful scheme, i.e. fire groups. The fire group 
information was derived from Fischer and Bradley ( 1987). For Montana forest habitats 
there are twelve possible fire groups of which two of these, fire groups one and three, 
occur exclusively east of the Continental Divide and as such will not be discussed here.
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A brief description of the ten remaining fire groups as defined by Fischer and Bradley 
(1987) is found in Table 7.
Table 7. Fire Group Definitions
Fire Group Definition
Zero A miscellaneous, heterogeneous collection of special habitats. In western 
Montana forests these sites exist as scree, forested rock, wet meadow, 
mountain grassland, aspen gorve, and alder glade.
Two Warm, dry PIPO habitat types.
Four Warm, dry Pseudotsuga menziesii (PSME) habitat types.
Five Cool, dry PSME habitat types.
Six Moist PSME habitat types.
Seven Cool habitat types usually dominated by PICO.
Eight Dry, lower subapline habitat types that usually support mixed stands of 
PSME and PICO.
Nine Moist, lower subapline habitat types where fires are infrequent but 
severe, Picea engalmanii (PIEN) can be a dominant in serai stands.
Ten Cold, moist upper subapline and timberline habitat types where PIAL, 
Abies lasiocarpa (ABLA), PIEN, and Larix lyalli (LALY) are the 
predominant conifers.
Eleven Moist Abies grandis (ABGR), Thujaplicata (THPL), and Tsuga 
heterophylla (TSHE) habitat types where fires are infrequent but severe.
The fire group designation of specific land cover types generally employs habitat
type as the discriminating variable. The habitat types, however, are described according 
to the dominant major land cover type associated with them. Accordingly the fire groups 
defined in this study were divided by major land cover type and assigned to the fire group 
most closely aligned with that cover type. If the fire group definitions were meant to be 
strictly adhered to this would not be acceptable. The authors, however, state that “the 
groups defined in this report are intended as a general guide, not a definitive treatment” 
(Fischer and Bradley, 1987). Along the same lines, the ecological discussion following
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each fire group chapter centers around the dominant tree species, or major cover type, 
associated with that fire group. Therefore, using the definitions above, the following fire 
group divisions of the land cover types within the study area were made;
Table 8. Fire Group Divisions
Cover Type Fire Group
Ag. Lands -  Dry Zero
Ag. Lands -  Irrigated Zero
Altered Herbaceous Zero
Low Grasslands Zero
Moderate Grasslands Zero
High Grasslands Zero
Parklands & Subalpine Meadows Zero
Mixed Mesic Shrubs Zero
Artemisa spp. Zero
Mixed Broadleaf Forest Zero
PICO Seven
PIPO Two
PSME Four Through Six
PSME/PIGO Eight
Mixed PIAL Ten
Mixed Subalpine Forest Nine
Mixed Mesic Forest Eleven
Mixed Xeric Forest Two
Mixed Broadleaf and Coniferous Forest Zero
Standing Burnt Forest Zero
Water Zero
Conifer Riparian Zero
Broadleaf Riparian Zero
Mixed Broadleaf & Conifer Ripari Zero
Graminoid & Forb Riparian Zero
Shrub Riparian Zero
Mixed Riparian Zero
Rock Zero
Mixed Barren Sites Zero
Alpine Meadows Zero
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The majority of the land cover classes fell into fire group zero. The others were all 
placed in the fire group number according to the major land cover type associated with 
that fire group. Fire groups four through six were combined because PSME is the major 
land cover type in all three groups. Acreages within each fire group were calculated so 
that normalization prior to analysis could be accomplished.
BAER Seventy Map
After being imported into ERDAS the BAER map was converted from a vector to 
a raster data format to ease comparison with the ANBR images. Prior to this however, 
the polygon attribute tables were edited to include a unique numeric value for severity in 
each polygon so that each pixel created in the vector-to-raster conversion would contain a 
unique severity rating (see figure 4). The area was calculated for each severity class and 
then stratified by the land cover variables of aspect, slope class, and fire group for further 
discussion. The stratified values were normalized by the total area in that landscape class 
for comparison purposes. The stratification was accomplished using the GIS matrix 
function in ERDAS.
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BAER Severity Map
Valley Complex 2000
Seventy Class
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Figure 4. BAER Severity Map of Valley Complex
RA and EA ANBR Calculation
After radiometric normalization and geometric correction of the ETM+ scenes 
described in Table 2, NBR was calculated for each using Formula 1. An ERDAS GMD 
was written to accomplish this. In order to get the full range of values necessary the data
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must be output in floating point math and scaled by a factor of 1000. This increases the 
dynamic range of the NBR values to range between -1000 and +1000. Image subtraction 
was then performed on the pre-fire to post-fire scenes for both the RA (figure 5) and EA, 
yielding a theoretical range of values between -2000 and +2000 for the ANBR images.
Rapid Assessment Delta-NBR
valley Complex, 200 0
Figure 5. Rapid Assessment ANBR Map; Unclassified
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The resulting RA ANBR and EA ANBR images were then recoded into severity classes 
per the recommendation of Key (2002) (see Table 9):
Severity Class ANBR Range
Enhanced Regrowth < 1 5 0
Unbumed -150-149
Low Severity 150-325
Moderate-low Severity 326 - 485
Moderate-high Severity 486 - 720
High Severity 721 +
Table 9. Severity Class Definitions
The areas in each severity class for both RA and EA ANBR (see figures 6 and 7) were 
calculated and the images were then stratified by the landscape variables and the areas in 
each were normalized and recorded. The stratification was accomplished using the GIS 
matrix function in ERDAS creating unique classes for each combination of severity and 
landscape variable.
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Rapid Assessment Delta-NBR
Valley Complex 2000
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Severity Class
Severity Acres
Low 33602.1
Moderate-Low 19456.4
Moderate-High 3 8015 .5
High 145979
Figure 6. Rapid Assessment ANBR Severity Map of Valley Complex 2000.
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Extended Assessment Delta-NBR
Valley Complex 20 0 0
'A ' / '
Moderate-low 3 8 8 6 0
Moderate-high 5 1 0 3 7
High 29304.E
Figure 7. Extended Assessment ANBR Severity Map of the Valley Complex 2000.
RA V. EA ANBR
The RA and EA ANBR images were combined into a single map using the matrix 
function in ERDAS so that each area of change could be preserved. The change map was
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then stratified by the landscape variables and the values normalized. Again this was 
accomplished using the matrix function in ERDAS.
RA ANBR V .  BAER
A similar analysis was performed on the differences and areas of agreement 
between the ANBR imagery, both RA and EA, and the BAER team severity maps. The 
difference classes were not maintained for unique areas of change however and were 
simply coded as areas of agreement, areas where ANBR was lower than BAER, and areas 
where ANBR was higher than BAER. The reason for this was that BAER only has three 
severity classes while ANBR has four. In order to make the comparison the ANBR 
moderate-low and moderate-high classes were combined into one moderate class. This is 
considered as an agreement matrix rather than an error matrix of the two methods 
because an error matrix assumes that one of the methods is truth. The agreement map 
produced was then stratified by landscape as above.
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Results
The methods and analysis applied during this research resulted in a large number 
of comparative outcomes. The tables derived from these comparisons are presented in an 
appendix at the end of the thesis. The figures that follow are all derived from those 
tables. The presentation of results will occur in the following order; physical setting 
description (aspect, slope class, and fire group), RA ANBR, EA ANBR, RA v. EA 
ANBR, BAER, and RA ANBR v. BAER. The proportional area for each assessment and 
a landscape stratification will be given. The results of the severity and landscape 
stratification are normalized by the area in each landscape class so that results are not 
biased towards those classes that cover a greater proportion of the study area.
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Landscape Variables
Aspect
Originally, aspect was to be divided into eight classes but due to an artifact in the 
ERDAS aspect calculation the eight categories were all evenly divided on the landscape. 
Reducing the number of classes to four yielded a more realistic representation of the 
aspect classes in the study area (see Figure 8).
Aspect Class Proportions within Valley Complex Periemeter
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Figure 8. Aspect Class Proportions
The aspect class most represented in the study area is south, followed by west and north. 
This can have implications on expected fire behavior in that more than half of the study
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area will experience increased solar exposure and subsequent higher temperatures and 
drier fuel loads which will facilitate the spread of fire on the site (Agee, 1993). The north 
slopes, while receiving the least amount of heating and drying from the sun will also tend 
to have the highest fuel loads from the type of vegetation that is found there, increasing 
the risk of a high severity fire (Agee, 1993).
Slope Class
The slope classes were defined using the same criteria as the U.S.F.S. in their 
“Fire Risk” database (USFS, 2000). Over half of the study area falls in slope classes 2 
and 3, or the moderately steep category, while very little of the study area falls on “flat 
ground” (see Figure 9).
Slope Class Proportions within the Valley Complex Perimeter
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Figure 9. Slope Class Proportions
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Better than a quarter of the study area is classified as “steep.” With most of the study 
area, approximately sixty percent, being in moderately sloped terrain the scorch height 
and related tree mortality would be expected to be somewhat higher than flat terrain but 
not as high as in steep terrain (Agee, 1993). Also, on flatter slopes the drying out of fuels 
upslope of the fire, due to radiant and/or convective heating will be minimal. Fire 
moving up a steep slope will do so quickly and have less residence time with a 
subsequent reduction in impact to the site.
Fire Groups
The study area was mainly forested, covered predominantly with lodgepole pine, 
Douglas-fir, and mixed subalpine forest. The corresponding fire groups are four, seven, 
and nine (see Figure 10).
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Fire Group Area Proportions within the Valley Complex
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Figure 10. Fire Group Proportions
The implications of this distribution of cover classes are that fifty-nine percent of the 
landscape has the potential to experience a high severity bum in normal years as these 
fire groups exist in a low frequency, high intensity fire regime (Fischer and Bradley, 
1987).
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Satellite-Derived Severity
RA ANBR Severity and Landscape Stratification
As discussed in section 2.5, the RA ANBR will tend to overestimate the higher 
severity classes, placing a higher fraction of the area in high severity that in an EA will 
drop into a lower severity class. Moderate-high to high severity dominated the 
landscape; occurring in greater than seventy-eight percent of the area burned with the 
remainder being mostly Low severity (see Figure 11 ).
Rapid Assessment Severity Distribution
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Figure 11. Rapid Assessment ANBR Severity' Class Proportions
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North and south aspects had the most effect on the distribution of RA ANBR 
severity predictions (see Figure 12).
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Figure 12. Rapid Assessment ANBR by Aspect
The general tendency was for increased proportions of high severity on north aspects and 
decreased proportions on south aspects. East and West aspects, meanwhile, had the same 
proportional occurrence of severity levels.
Slope class 5, the steepest slope class, had the greatest effect on the distribution of 
severity (see Figure 13).
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Rapid Assessment Severity by Slope Class
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Figure 13. Rapid Assessment ANBR by Slope Class
In general, severity decreased as slope class increased. The greatest proportion of lower 
severity is in slope classes 4 and 5, with High severity occurring indiscriminately in the 
lesser slope classes.
The fire groups with the greatest influence on the distribution of severity were fire 
groups zero (miscellaneous cover types) and two (PIPO) (see Figure 14).
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Figure 14. Rapid Assessment ANBR by Fire Group
In these two fire groups it is seen that High severity is limited and the lesser severity 
levels are more prevalent, especially Low severity in fire group zero. High severity was 
not limited in an of the other fire groups and, in fact, was enhanced (i.e., greater than the 
61% areal coverage for the entire study area (see Figure 11)) in fire groups seven (PICO), 
eight (PSME/PICO mix), and nine (mixed subalpine).
62
EA ANBR Severity and Landscape Stratification
The EA ANBR severity provides a more comprehensive assessment of the near- 
first order fire effects associated with severity (Key, 2002). There is no clearly dominant 
severity class that occurs within the Valley Complex fires (see Figure 15).
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Figure 15. Extended Assessment ANBR Severity Class Proportions
Low, Moderate-low, and Moderate-high severity are all within 7% of each other in terms 
of area of occurrence and High severity is only reported on approximately 17% of the 
area burned. Enhanced regrowth, which is defined as areas of increased productivity 
after burning, is seen to be occurring in 8.1% of the bum area.
Once again, north and south aspects had the most impact on the severity 
distributions (see Figure 16).
63
Severity by Aspect (EA)
0.400
0.350
0.300
0.250
c0 
r  
&
2
Û. 0.200 
%
0.150
E1 0.100
z
0.050
0.000
North East South
Aspect
West
♦  Low Moderate-low —&— Moderate-high ♦  High Regrowth
Figure 16. Extended Assessment ANBR by Aspect
The tendency was for decreased occurrence of Low, Moderate-low severity, and 
Regrowth and an increase in the proportional occurrence of Moderate-high severity on 
north aspects. Low severity. Moderate-low severity, and Regrowth occurrences were all 
greater on south and west aspects. High severity had its highest proportional occurrence 
on east aspects and Moderate-low severity had its highest proportional occurrence on 
west aspects. Regrowth was most limited on north and east aspects. Overall High 
severity distribution was the least influenced by aspect and north aspects had the most 
influence on the distributions of the other severity levels.
Similar to the RA ANBR slope class comparison, the steepest slope class (slope 
class 5) exhibited the most influence on the distribution of severity (see Figure 17).
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Extended Assessment Severity by Slope Class
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Figure 17. Extended Assessment ANBR by Slope Class
>60%
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Low severity and Regrowth were highest in slope class 5 and Moderate-high to High 
severity proportional occurrence was the lowest in slope class 5. Slope class 1 had a 
negative influence on the occurrence of Low and Moderate-low severity. Slope class 4 
had a positive influence on the occurrence of Moderate-low and High severity 
proportions. Overall Moderate-high severity and Regrowth proportions were the least 
influenced by slope class. Slope classes 2 and 3 exhibited little to no effect on the 
distribution of severity.
Here too, fire groups zero (misc. group) and two (PlPO) have a positive effect on 
the occurrence of lower severity levels and Regrowth (see Figure 18).
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Figure 18. Extended Assessment ANBR by Fire Group
The proportions of Low severity. Moderate-low severity, and Regrowth were highest in 
fire groups zero, two, four (PSME) and eleven (mixed mesic). Proportions of Moderate- 
high and High severity, meanwhile, were lowest in fire group zero and two. Moderate- 
high and High severity were most abundant in fire group ten (PIAL). High severity 
proportions persisted in fire groups seven (PICO), nine (mixed subalpine), and ten. Low 
and Moderate-low severity and Regrowth, however, were all least abundant in these fire 
groups. The general tendency is for increased occurrence of higher severity in the fire 
groups seven, nine, and ten and for decreased occurrence of lower severity and Regrowth. 
The opposite relationship is observed in the remaining fire groups.
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RA ANBR V. EA ANBR Comparison and Landscape Stratification
The matrix operation used in the comparison of RA ANBR and EA ANBR 
preserved the areas of change in unique classes in the image (see table 21, Appendix A). 
The figure derived from that table (see Figure 19), however, clearly illustrates that the 
dominant change class in this comparison is a decrease in severity class in 61.1% of the 
area.
Rapid to Extended Severity
70.0
60.0
50.0
40.0
S 30.0 
a!
61.1
2 2 .9
No C h a n g e
7 .9 8.1
■ 1
Ï In crea se R egrow thD e c r e a s e
Change Class
Figure 19. Rapid to Extended ANBR Severity Change Class Proportions
Approximately 23% of the area remained in the same severity class and 8.1% went to 
Regrowth. Less than 8% of the area exhibited an increase in observed severity, or effect 
on the site, after a growing season post-fire.
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Aspect does not appear to have much influence on the distribution of the change 
classes in the RA v. EA comparison (see Figure 20).
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West
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Severity persistence stayed relatively constant across all aspects. Decreases in severity 
levels, or recovery, were least abundant on east aspects. Increased severity was more 
abundant on north and east aspects and least on south and west aspects. Regrowth, 
meanwhile, was highest in south and west aspects. Overall, however, the changes were 
not dramatic on any of the aspect classes.
Similar to the aspect comparison, slope class did not appear to influence the 
distribution of change in the RA v. EA comparison (see Figure 21).
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Figure 21. Rapid to Extended Change by Slope Class
In general, the occurrence of decreased severity and Regrowth were greater with an 
increase in slope steepness and the opposite is seen in severity persistence (no change) 
and increased severity.
The general response pattern in the fire group stratification was for decreased 
severity and no change to be the most abundant, the main exception to this was found in 
fire group ten (PIAL) where increased severity was the dominant change class. Regrowth 
and decreased severity were their lowest, and no change was its highest (see Figure 22).
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Figure 22. Rapid to Extended Change by Fire Group
The only other fire group where the pattern of change was different is fire group two 
(PIPO) where change to a higher severity level was the least abundant and decreased 
severity had its highest occurrence. The other fire groups generally maintained similar 
change class distributions.
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USFS BAER Team Derived Severity
Considering the size of the fires in question, the BAER team’s mapping effort 
captured the variability within the bum perimeter, identifying a large number of patches 
of varying severity within larger bums. The BAER map divided the fire almost into 
thirds (see Figure 23) with no severity class overly dominating. High severity was 
mapped on 35.9% of the landscape. Moderate severity on 34.5% and Low severity on 
29.6%.
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Figure 23. BAER Severity Class Proportions
71
In the BAER analysis south aspects had the most effect on the severity 
distributions, with High severity having its lowest occurrence and Low severity having its 
greatest occurrence (see Figure 24).
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Figure 24. BAER Severity by Aspect Class
The general tendency was for Low severity to be least abundant on north and east aspects 
and most abundant on south and west aspects. Moderate severity proportions did not 
differ greatly with aspect.
Low severity had its highest proportional occurrence in slope class 5 (the steepest 
slope class) and Moderate severity was the lowest (see Figure 25).
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BAER Severity by Slope Class
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Figure 25. BAER Severity by Slope Class
In general, proportions of Low severity increased with increasing slope steepness. High 
severity was least abundant in the moderate to moderately steep slopes, slope classes 3 
and 4, and increased again in the steepest slope class.
Low severity was least prevalent in fire group ten (PIAL) and most abundant in 
fire group eleven (mixed mesic forest) (see Figure 26).
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BAER Severity by Fire Group
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Figure 26. BAER Severity by Fire Group
Moderate severity was dominant in fire groups zero (misc. group), two (PIPO), and four 
(PSME) and highly abundant again in fire group ten. High severity was most abundant in 
fire groups seven (PICO), eight (PSME/PICO mix), nine (mixed subalpine), and ten; and 
least abundant in fire groups zero, two, four, and eleven (mixed mesic). Overall fire 
groups zero, two, ten, and eleven exhibited the most dramatic effect on the severity 
distribution as mapped by BAER.
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BAER and ANBR
The comparison of BAER derived severity to ANBR satellite derived severity was 
completed as an agreement table, showing where the alternate methods were in 
agreement and where ANBR predicted lower or higher severity. A comparison between 
ANBR and BAER is difficult because the methodologies and purposes of each 
assessment are very different. The BAER team conducted a ground survey, 
supplemented with aerial sketch mapping in areas that are difficult to get to, based on 
assessing the effects of the fire on the soil component of the ecosystem. Their main 
concern is limiting the amount of soil loss due to erosion from loss of vegetation and soil 
cover. Rarely do their assessments include the effect on the standing vegetation. On the 
other hand, ANBR rarely gets to the ground. Only in areas where canopy consumption 
has occurred (i.e., moderate-high to high severity areas) will the BAER and ANBR be 
viewing the same thing.
There is 36.7% agreement between the BAER severity map and RA ANBR 
severity (see Figure 27).
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Rapid Assessment v. BAER
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Figure 27. Rapid Assessment ANBR v. BAER
The majority of the area in disagreement was mapped at a higher severity level, 46.2%, 
by RA ANBR and only 17% was mapped at lower severity level.
North and south aspects had the most effect on the distribution of agreement 
between BAER and RA ANBR (see Figure 28).
76
BAER V. Rapid Assessment Severity Agreement by Aspect
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Figure 28. Rapid Assessment ANBR v. BAER by Aspect
The amount of agreement did not differ across the aspect classes. The occurrence of 
lower severity predictions by RA ANBR was greatest on south aspects and least on north 
aspects. The opposite is seen for RA ANBR predictions of higher severity. East and west 
aspects did not differ greatly in agreement proportions.
Agreement between the two methods was highest in slope class 2 (11-30%) and 
lowest in slope class 4 (46-60%) but did not vary greatly with change in slope (see Figure 
29).
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BAER V. Rapid Assessment Agreement by Slope Class
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Figure 29. Rapid Assessment v. BAER by Slope Class
RA ANBR predictions of lower severity were highest in slope classes 1 (0-10%) and 5 
(<60%) and lowest in the moderate slope classes. RA ANBR predictions of higher 
severity, meanwhile, were least abundant in slope classes 1 and 5 and highest in the 
moderate slope classes.
Agreement between the two methods was highest in fire groups seven (PICO) and 
ten (PIAL), and lowest in fire groups four (PSME) and eleven (mixed mesic forest) (see 
Figure 30).
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Rapid Assessment v. BAER by Fire Group
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Figure 30. Rapid Assessment v. BAER by Fire Group
Lower severity predictions by RA ANBR methods were most abundant in fire group zero 
(miscellaneous group). RA ANBR predictions of higher severity predictions were least 
common in fire group zero and most common in fire groups four and eleven.
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Discussion
One of the most difficult and ofi-debated portions of this project has been the 
defining of the word “severity.” There are myriad different connotations of the term 
when it is discussed and, depending on which version of severity is being used, the 
results or methods or management decisions can become skewed very quickly. Often the 
incongruency boils down to semantics; rather than focusing on the actual ecological 
significance of the severity of a particular fire. At other times it comes down to the 
problem of actually measuring the degree of severity and the “best” method for this 
determination.
When results of an assessment have been presented to a user the first question 
asked is always, “What do you mean by severity?” Telling a land manager that severity 
is the degree of change resulting from a fire-induced disturbance is less useful than 
conveying to them information regarding conditions on the ground. That is, what the 
different severity classes translate to in terms of the condition of the landscape after the 
fire. The severity descriptions and definitions utilized by Key and Benson (1999 a and b) 
in ANBR and CBl were derived from those classes described by Ryan and Noste (1985) 
as shown in table 1 (Key, 2002). When presenting this information then, a reference to 
these descriptions allows the user to gain a mental image of the ground area in question 
and gain confidence in the methods applied. For this reason this analysis becomes two 
phase: 1 ) the general description of the pattern of severity on the landscape and 2) the 
more detailed description of a break down of severity distribution within classes of 
landscape characterizing variables.
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Knowledge of the general pattern of severity is useful for both management 
purposes and BAER team analysis. In general, funds for site rehabilitation are 
apportioned according to the amount of area that is in a high risk category (or has 
experienced high bum severity) (USFS, 1976). A general assessment of need can be 
accomplished relatively quickly using the RA ANBR methodology and an overall 
comparison between different fires can be compiled with the information provided in a 
generalized description of the pattern and proportions of severity within a given fire.
A detailed severity description, stratified by landscape characterizing variables, 
allows for management and BAER rehabilitation decisions to be made and appropriate 
actions be recommended and implemented because the high risk areas have been 
identified and the vegetation, slope, and aspect (or whatever other variables of interest 
there are) affected by the fire are known. This also allows for cross-comparison between 
fires because similar areas can be chosen for comparison or validation. In the general 
description provided by the satellite-based ANBR this is not possible, as two pixels 
classified as high severity are not necessarily comparable because there is no context 
provided for the severity comparison. The detailed description allows for a spatially 
explicit assessment of the first-order fire effect of bum severity.
These are the underlying reasons for why the exploration was conducted in the 
manner in which it was. The needs of the end users, be they Forest managers needing the 
big picture or District fire ecologists that need to know how many acres of fire group 
seven (PICO) bumed high severity, were taken into consideration and so that the end 
result would be a meaningful exploration of the performance of ANBR severity mapping 
methods. The landscape stratification of the severity classes allowed for a validation of
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the severity determination and a better description of the effects of the bum. The 
discussion that follows will be an assessment of the influence of aspect, slope, and fire 
group on the severity distribution and the possible eco-physiological reasons for that 
influence.
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ANBR Severity
The RA ANBR severity classification is an immediate term, first-order assessment 
of satellite detectable fire-induced effects on the landscape. The EA ANBR severity 
classification is a “near term” (Key, 2002. Personal communication) fire effects 
assessment, allowing for slight recovery and time for further effects to be manifested.
The main focus of this study has been on these two severity determination methods and 
their differences. In all actuality the RA ANBR will be the more utilized because 
immediate assessment of fire effects by the BAER teams and land managers is the more 
pressing need than the longer term, more complete assessment made possible through the 
EA ANBR. The long term potentials of the EA ANBR provide a land manager with an 
efficient tool for monitoring the effectiveness of recovery treatments, however. The 
enhanced Regrowth component of the EA allows a land manager to monitor the progress 
of re-planted and seeded sites and recovery of the untouched area. The bands used in the 
ANBR calculation are better able to discriminate vegetative changed over longer periods 
of time than those used in NDVI, which tends to saturate within a growing season or two 
post-fire (White et a l, 1996).
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RAANBR
Aspect
In general the influence of aspect on fire behavior, which severity can be 
correlated to (Keane et a l, 1996), is that those slopes more perpendicular to the sun will 
experience increased heating and drying of fuels and vegetation (Pyne et a i, 1996). This 
implies that fire will spread more rapidly and have the potential to bum more intensely on 
these aspects. Along those lines it might be postulated that south aspects would 
experience increased proportions of high severity than north slopes. This is not the case 
in the RA ANBR severity distribution. If aspect were not a factor in the distribution of 
severity then it would be expected that all aspect classes would have around 60% (see 
Figure 11) of their area in the High severity class. High severity, however, occurred on 
almost 81% (see Figure 12) of the area of north aspects and less than 45% of the south 
aspect area. This leads one to conclude that the controlling factor in the influence of 
aspect on severity distribution on the Valley Complex of 2000 does not stem from the 
increased solar exposure and the associated microclimate effects on fire behavior but 
rather the microclimate effects on vegetation distribution and associated fuel availability. 
Simply put, where there is no fuel there is no fire. Species that typically exist on the 
sunnier, drier south aspects (i.e., PIPO) have historically maintained a high frequency, 
low intensity fire regime which reduces fuel loads and removes understory vegetation 
than can enable the spread of fire to the canopy (Agee, 1993). Species that typically exist 
on the cooler, wetter north aspects (i.e., PICO) have historically maintained a lower
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frequency, higher intensity fire regime as fire will not carry in the stand until enough time 
has passed for fuel to accumulate, leaving the stand more susceptible to stand replacing, 
high severity fires (Agee, 1993). Thus, the influence of aspect is due to the microclimate 
induced vegetation differences between aspects rather than the effect of microclimate on 
fire behavior.
Slope Class
Similarly, the influence of slope class on severity distribution in RA ANBR is not 
as would be expected. That is, steeper slopes have the potential to bum more severely as 
fire spread is facilitated through increased heating and drying of fuels upslope of the fire 
and are more susceptible to high intensity crown fires (Agee, 1993). This implies that the 
steeper slopes should experience higher severity levels than the more moderate slopes. In 
the RA ANBR severity classification only in the steepest slope class (see Figure 13) did 
the distribution of severity change markedly, with an increase in lower severity levels and 
a decrease in High severity. This is contrary to expected fire behavior and the associated 
bum severity, which would be that in slope class 5 the fire behavior should be very 
extreme and resulting severity high. The difference, then, can possibly be explained by 
the decreased residence time of a fire that is moving quickly upslope. A decrease in the 
amount of time that the vegetation is exposed to high temperatures will result in a 
decrease in effect on that vegetation (Brown and Smith, 2000). A fire that is slowly 
backing downhill has the time to completely girdle and kill the cambium of even a thick 
barked tree. A fire moving quickly upslope, while buming more intensely and scorching
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higher into the canopy, does not have the residence time necessary to completely kill the 
cambium and, as such, the resulting bum severity will be less.
Fire Group
The only fire groups with marked influence on severity distributions were fire 
groups zero (misc.) and two (PIPO) (see Figure 14). The lack of significance in the other 
fire groups is almost as important however. Fire groups zero and two consist of those 
land cover types that typically do not experience more than moderate severity fires 
(Fischer and Bradley, 1987). In order for these fire groups to experience high severity, 
stand replacing fires there either needs to be, a) sufficient time since the last fire that 
allows for (in theory) the build-up of fuels sufficient to carry a high intensity fire (Fischer 
and Bradley, 1987), or b) a weather event that will propagate extreme fire behavior (Pyne 
et a l, 1996). In the summer of 2000 the latter may have been the case. By the end of the 
summer of 2000 most of the state of Montana had been shut down to all non-essential 
activities. The fire danger was so extreme during the month of August that the only place 
in the state that was still open to recreation was Glacier National Park. The daily 
situation reports filed by the Incident Command team in charge of the Valley Complex 
are rife with extreme fire weather warnings, relative humidity measures in the single 
digits, and accounts of suppression efforts being hampered by the resulting extreme fire 
behavior (USFS, 2000). The occurrence of high severity bums in these fire groups, while 
out of the norm, can be explained by the extreme fire weather that was occurring during 
the time of these fires.
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Fire group zero is clearly dominated by Low severity. Considering that fire will 
generally not carry very well in fire group zero (Fischer and Bradley, 1987), the 
dominance of Low severity and relative absence of High severity is pretty much what 
would be expected in this fire group. In fire group two it is seen that High severity was 
also hindered and that the lower severity classes were still in the high end of their 
respective proportional occurrences.
The prevalence of lower severity levels is fitting for expected fire behavior in this 
fire group. Fuel loads are generally light and the most abundant surface fuel is usually 
grass with widely scattered downed woody fuels (Fischer and Bradley, 1987). The loose 
arrangement of fuels in fire group two will lend itself to less intense fires as the radiant 
heat transfer between fuels is lessened and spread rates are potentially increased, thereby 
decreasing residence time and the associated impact to the site (Brown and Smith, 2000). 
The growth pattern of the dominant tree species in fire group two, PIPO, is such that 
crown fire is unlikely and will only happen in extreme weather conditions or ladder fuel 
development over time (Fischer and Bradley, 1987; Agee, 1993).
As mentioned above, the insignificance of the other fire groups is significant from 
a fire behavior and ecology standpoint. Those fire groups have a higher tendency to 
experience higher severity fires than do either fire group zero or two (Fischer and 
Bradley, 1987). The significance of this is that the fire behavior exhibited on the Valley 
Complex of 2000 was not out of the ordinary. The fire did not bum indiscriminately 
through all fire groups. Instead, the severity classes were distributed generally as they 
should be, with increased proportions of high severity in those fire groups that were more 
prone to experience high severity fires.
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EAANBR
The EA ANBR severity classification is less an immediate fire effects assessment 
than the RA ANBR and is more of a near-term assessment of fire effects that incorporates 
the element of site recovery. As such, the results of the EA ANBR will be affected by the 
occurrence of recovery in those areas on the landscape that are most conducive to 
vegetative growth. The results of the EA ANBR will also be affected by recovery of 
photosynthetic activity by those plants initially stressed by the fire but not killed outright 
(Ryan, 1988). This physiological reaction partially accounts for the differences in RA 
and EA ANBR severity classifications. The dominant severity class in the EA ANBR 
severity classification is Moderate-high severity, at almost 30% (see Figure 15), as 
opposed to High severity in the RA ANBR severity classification. The increase in 
proportions of the lower severity classes can be partially attributed to site recovery, 
“washing” of the soot from the soil that affected the spectral signal of the site, casting of 
dead needles, and resumed photosynthetic activity by stressed plants. The following will 
be a discussion of the influence of the various landscape variables on the recovery and 
severity designations in the EA ANBR classification.
Aspect
Once again north and south aspects had the most influence on severity 
distributions while east and west aspects had little influence severity (see Figure 16). As 
previously discussed the factor influencing severity distribution in the aspect classes is
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the vegetation distribution as determined by the microclimate differences associated with 
the various aspect classes. Similarly, in the EA ANBR classification, the microclimatic 
variations inherent to each aspect class affected the site recovery. This trend is most 
evident on south aspects, where Regrowth and Low severity were highest. From a 
physiology standpoint one can surmise that the reasons for this are the increased light 
availability and growing degree days available on south and west aspects in the northern 
hemisphere. In a normal growing season these aspects are generally more water limited 
as well, however, due to increased evaporative demand from increased solar exposure.
As mentioned above though, the post-fire image is from early August in a year when the 
area received almost 3” of rain in June and July. The water and light availability would 
combine to contribute to the increased recovery on these aspects. North and east aspects, 
on the other hand, are generally the more productive sites in this region as they are less 
water limited and have less evaporative demand than either south or west aspects. This 
higher productivity contributes to higher fuels loads and subsequent higher severity fires 
(Brown and Smith, 2000). In the RA ANBR severity classification the majority of the 
High severity distribution (see Figure 12) was on north aspects. It stands to reason then 
that the least amount of recovery and the most persistence in higher severity levels would 
be on north and east aspects.
Slope Class
Similar to the RA ANBR severity classification, slope class 5 (> 60%) was the 
most influential slope class in the EA ANBR severity classification (see Figure 17). In 
the EA ANBR classification however, slope classes 1 (0-10%) and 4 (46-60%) had an
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effect on the distributions of Low and Moderate-low severity as well. The severity 
distributions maintained the same general tendency in the EA as in the RA ANBR in 
respect to slope class 5. The response in slope class 4 can explained in a similar manner, 
the fire moved quickly up the slope and did not have the residence time necessary to 
completely kill the vegetation on the slopes. On the flat slopes, slope class 1, Low 
severity was found to be least abundant. The reasons for this can be two-fold. First, most 
of slope class 1 is found in drainage bottoms where vegetation is lush and fuel loads are 
higher. Fires burning through here will be intense and effects long-lasting. Second, fire 
burning on flat slopes and not wind-driven will tend to bum slowly and completely with a 
long-lasting effect on the site.
Fire Group
The only fire groups that did not have much of an influence on severity 
distributions in the EA ANBR classification were fire groups eight (mixed PSME/PICO), 
nine (mixed subalpine), and eleven (mixed mesic forest) (see Figure 18). In those three 
fire groups fires are infrequent but severe, with long lasting effects (Fischer and Bradley, 
1987). Fire groups two (PIPO) and ten (PIAL) had the most influence, affecting the 
distribution of all severity classes. Low and Moderate-low severity and Regrowth were 
higher in fire group two while High and Moderate-high severity were at their respective 
lowest occurrence. The opposite relationship is seen in fire group ten.
Fire group two consists of PIPO habitat types that typically exist in an 
understory/non-lethal fire regime (Fischer and Bradley, 1987; Agee, 1993; Brown and 
Smith, 2000), with the majority of mixed severity fire regimes generally found east of the
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continental divide (Brown and Smith, 2000). The very nature of fire group two dictates 
that Low and Moderate-low severity will dominate the bum area and Regrowth will be 
more likely because of it. The shrubs, forbs, and grasses that make up the understory of 
the ponderosa pine habitat types will be more likely to recover quickly in a Low to 
Moderate-low severity fire (Brown and Smith, 2000) and the trees themselves are one of 
the more fire resistant tree species there are (Ryan, 1988; Agee, 1993; Brown and Smith, 
2000) being able to quickly recover from non-lethal fires.
Fire group ten, a mixed PIAL habitat type, exists in an infrequent but high 
intensity, stand replacement fire regime (Fischer and Bradley, 1987; Brown and Smith, 
2000). The extended drought conditions present in the fire season of 2000 increased the 
potential for fire to reach these normally fire excluded forests. Due to the long fire return 
interval fuel accumulations are usually great and the subsequent fires intense, the 
recovery on these sites is limited by the shortened growing season and cold climate 
(Fischer and Bradley, 1987). The pattern and distribution of severity mapped in this fire 
group is exactly what one should expect to see.
The next most influential fire groups are zero (a miscellaneouse) and seven 
(PICO), affecting three severity classes each. Fire group zero had a positive influence on 
the occurrence of Low severity and Regrowth and a negative effect on the occurrence of 
Moderate-high severity. Fire group seven, meanwhile, had a negative influence on the 
occurrence of Low and Moderate-low severity and a positive influence on High severity.
Fire group zero is a miscellaneous collection of habitat types that do not generally 
carry fire (Fischer and Bradley, 1987) but some of the species present can experience 
stand replacing fires when they do bum (Brown and Smith, 2000). The pattem of
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severity is such that most of the area did not bum severely and, as such, was able to 
recover rather quickly over a growing season. The amount of Moderate-high severity in 
this fire group suggests that some of the area, however, did bum intensely and will need 
more time to fully recover productivity.
Fire group seven consists of PICO habitat types (Fischer and Bradley, 1987) that 
exist in a stand replacement fire regime (Brown and Smith, 2000) although low to 
moderate severity fires do occur (Fischer and Bradley, 1987). Once again, the pattem of 
severity in this fire group is what should be expected in a fire buming through PICO, 
some areas of low to moderate severity but mostly high and moderate-high severity 
dominating.
The final influential fire group was fire group four (PSME), impacting the 
distribution of Moderate-low severity. Fire group four is a combination of fire groups 
four, five, and six, which are all classified according to PSME habitat types. Fire groups 
four and five depend on the exclusion of fire for PSME to dominate the site, while PSME 
will dominate in fire group six with or without fire (Fischer and Bradley, 1987). 
Pseudotsuga menziesii exist in a mixed severity fire regime with an historically high 
frequency retum interval and as such mature PSME are rather fire resistant (Agee, 1993; 
Brown and Smith, 2000). The fire regime is highly influenced by topographic and 
climatic variation throughout the species’ range, but stand-replacing fires are not 
common (Brown and Smith, 2000). In general the longer the retum interval the more 
likely a higher severity bum will occur in these fire groups as ladder fuels will develop 
and fuel loads will increase (Fischer and Bradley, 1987; Agee, 1993; Brown and Smith,
2000). The pattem of severity here is, once again, typical of what should be expected in
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this fire group(s), a mixed distribution of Low to Moderate-high severity and not very 
much High severity (i.e., stand replacing fire).
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RA V. EA ANBR
The comparison of RA to EA ANBR is an analysis of the change that took place 
between the time of the fire and one growing season. There will be both areas of 
recovery and areas of increased severity in that time span. Areas of the fire that did not 
bum as severely should either stay in the same severity class or move to a lower class. 
Other areas will move into higher severity classes as the “secondary” effects of the fire 
manifest themselves. These will be areas that experienced lethal ground fires that killed 
the plant but did not immediately kill the canopy. After a growing season the needles 
will be cast, or at least brown and die, and the dead trees will be readily visible. Another 
reason for the differences in the RA and EA evaluations is that in the time following the 
fire the trees are stressed and will exhibit a reduction in photosynthesis that they will 
have recovered by the time of the EA evaluation. The distribution assessment that 
follows will seem a little redundant, as much of the same information presented in the EA 
ANBR discussion will be relevant in this discussion, but further exploration of the data is 
possible with the change matrix created in the RA v. EA ANBR comparison. The results 
will be discussed according to the influence of the landscape class on the various change 
classes of No Change, Decreased severity. Increased Severity, and Regrowth. Overall the 
dominant change was a decrease in severity (see Figure 19). The implications of this are 
that RA ANBR tends to over predict higher severity levels, as was suspected, and that the 
site experienced a great deal of recovery in a single growing season post-fire.
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Aspect
North and south aspects, which were the most influential on severity distributions 
in both the EA and RA ANBR, were the least influential on the change class distributions 
(see Figure 20). The greatest differences found were between east and west aspects. In 
the previous discussions regarding the influence of aspect on severity distributions the 
relationship between microclimate influences on vegetation distribution and growth 
pattem was the focus. This will not change in this discussion as beyond the eco- 
physiological relationships between aspect and vegetation, vegetation and potential 
severity, and microclimate and recovery there is no other descriptive value in the aspect 
stratification. As such, only general relationships and effects have been and will be 
addressed.
Severity persistence, or No Change, stayed relatively constant across all aspect 
classes, varying less than 2%, which indicates that the No Change class was not 
influenced by aspect.
Decreased severity and Regrowth were most common on west aspects and least 
on east aspects. The vegetation pattem typical of west aspects is similar to south aspects 
but the site can be more water limited from increased evaporative demand in the summer 
months. West aspects warm up later in the day but become hotter and drier than any 
other aspect and humidity recovery is slowest on these slopes. The fuels on west aspects 
are more likely to bum quickly and fire will spread quickly, decreasing residence time 
and subsequent severity. The effect is that all the fine fuels are completely consumed and 
the larger diameter fuels will be left to bum on their own. The RA ANBR classification 
registers this as higher severity than it actually is and in the EA ANBR the site recovery is
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seen, hence the positive influence on the change from a higher severity class to a lower 
severity class. The negative impact of east aspects on decreased severity can be 
attributed to the vegetative growth pattem typical of east aspects and the fire behavior 
that can be expected on those slopes. Not as dense as north aspects but certainly more 
dense than south or west aspects. The resulting surface fuels can potentially be around 
the base of trees and when burned can kill the cambium of the tree. East aspects warm up 
sooner in the day but do not become as hot and dry as other aspects and fire behavior is 
not generally as extreme (Pyne et a i, 1996). This combination can lead to increased 
levels of delayed mortality on trees whose cambium was scorched and killed but whose 
canopy remained intact. In the RA ANBR classification the site severity would not be as 
high, while in the EA ANBR classification these trees would now be dead and the site 
severity would be higher, which accounts for the positive influence of east aspects on the 
occurrence of Increased severity. This explains the negative influence on a change to 
lower severity or to Regrowth as the soil and understory suffer more damage from a 
slow-spreading but long residing fire (Brown and Smith, 2000).
Increased severity was also negatively impacted on south aspects. In general the 
vegetation that develops on south aspects is hardier and more resistant to stress (Larcher, 
1995), with the growth pattem more open and scattered and potential severity lower 
because of it (Brown and Smith, 2000). The tree species typically associated with south 
aspects are more fire resistant and will not suffer high mortality rates without significant 
crown removal, bud kill, or cambium scorch. The scattered, open growth pattem does 
not lend itself to high mortality rates on these aspects. This can account for the negative 
influence on the distribution of change to a higher severity level. The timing of the bum.
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late in the growing season in a year of low precipitation, will influence the amount of 
damage to the understory greatly (Brown and Smith, 2000). Most of the grass and shrubs 
would have been in senescence already by this time and would not have suffered high 
mortality rates even though they burned. Given a growing season with significant 
precipitation, these areas would recover quickly.
Slope Class
Regrowth and No Change stayed relatively constant across the flat and moderate 
slope classes and only showed a marked difference in the steep slope class 5 (see Figure 
21). Decreased severity increased from the flat slopes ( 1 and 2) to the moderate to steep 
slope classes (3 -  5). Increased severity occurrence, meanwhile, dropped from slope 
class 1 through 3 and then leveled off. In the previous discussions on the influence of 
slope steepness on severity it was established that the steeper slopes had the effect of 
increasing the rate of spread of the fire and, thereby, decreasing residence time and site 
damage. This is reflected in the RA v. EA comparison.
Increased severity is highest in the flat to moderate slopes where fire residence 
time would be the greatest. In slope class 1 fire behavior would be such that scorching 
damage would be higher up on the overstory trees but fire spread would be slower 
because drying of fuels would result from radiative heat transfer rather than convective 
heat from gases. This suggests that the vegetation and fuels in slope class 1 and did not 
bum quickly or intensely, which would scorch and probably consume the canopy, but 
rather burned more slowly and completely causing delayed mortality by killing the 
cambium of overstory trees so that when leaves were shed the already consumed
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understory was revealed in the EA ANBR classification, thereby raising the site to a 
higher severity class. Regrowth and Decreased severity, meanwhile, are highest on the 
moderately-steep to steep slopes where fire spread rates would be greatest. This indicates 
that fire behavior changed from slope classes 1 and 2 to slope classes 3 through 5.
Spread rates probably increased and duff and littler consumption was not as complete. 
More than likely higher numbers of overstory trees were killed outright but the 
understory remained more intact and was able to recover more quickly than the lower 
slope class areas. The lack of an overstory canopy coupled with a relatively intact 
understory, where charred areas would be overshadowed by green and growing 
vegetation, would influence the spectral response measured in the EA ANBR 
classification such that lower severity levels would be predicted. The No Change class is 
fairly constant across the slope classes except in slope class 5 where it drops off, and 
most of the change in slope class 5 is either Regrowth or Decreased severity. These 
results suggest that increased slope will increase fire spread rates and decrease the impaet 
on the site. The steep slopes will receive the least amount of damage and be the most 
likely to recover (i.e.. Decreased Severity) or experience enhanced Regrowth.
Fire Group
The only fire groups where the general proportions of change differ greatly are 
fire groups zero (misc.), two (PIPO), and ten (PIAL) (see Figure 22). The pattem of 
change in the remaining fire groups is fairly similar to the overall distribution of change 
presented in Figure 19. A fairly detailed discussion of the severity response in fire 
groups zero and two is given in both the RA and EA ANBR discussion sections. These
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fire groups have the tendency to bum less severely than other fire groups and the 
vegetation that develop in these fire groups are fire resistant and may depend on high 
frequency fires to reduce competition on the site (Fischer and Bradley, 1987). The 
positive influence on change to a lower severity class and Regrowth is a result of this 
increased resistance and ability to recover rather quickly post-fire. Fire group ten was 
also discussed in the EA ANBR section. This fire group is more prone to severe damage 
from high intensity fires (Fischer and Bradley, 1987) and, as such, sites will be less likely 
to experience much recovery in so short a time as a single growing season. Areas that do 
bum, tend to bum rather severely. The high frequency of Increased severity exhibited in 
fire group ten can be possibly attributed to delayed mortality of the trees from cambium 
scorch and girdling.
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BAER Severity
The methods employed by the BAER team will produce very generalized maps 
with errors in placement and acres in each severity class (Hardwick et al., 1998). They 
are also not limited to a minimum mapping unit (MMU) and such will increase the 
sensitivity of the data to the effects of modified areal unit problem (MAUP) in area 
measurements and mapping (Arbia, 1989; Fotheringham, 1989; Tobler, 1989; Usery,
2001). A further discussion on the effects of MAUP is included in the Chapter Six and 
will not be addressed here. BAER maps are the product of ground sampling, aerial 
overflight, and sketch mapping with the focus being on soil stability for watershed effects 
(Lachowski et a i, 1997; Hardwick et a i, 1998; Brennan and Hardwick, 1999). The 
severity, or intensity as the BAER teams term it, is determined mainly from the amount 
of soil exposed and stabilizing plant cover that remains post-fire rather than the effect on 
vegetation. Their main concern is minimizing the downstream effects of soil loss from 
the site due to the development of a hydrophobic, water repellent, soil layer following a 
fire (Lachowski et a i, 1997). Soil hydrophobicity, caused by the downward movement 
of vaporized organic matter in the duff layer, increases the potential for overland flow 
and erosion of the upper soil layers (Agee, 1993). The effects of fire on a soil’s physical, 
chemical, and biological properties can vary greatly depending on the seasonality of the 
bum and the pre-fire site characteristics (Agee, 1993; Brown and Smith, 2000). Overall, 
however, the adverse effects on a soil are likely to be greater and longer lasting with an 
increase in fire intensity and duration of heating (Agee, 1993). The teams need to 
identify areas at risk so that appropriate actions can be recommended and applied.
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Aspect
South aspects exhibited the most difference in severity proportions as mapped by 
BAER (see Figure 24). North and east aspects maintained similar severity proportions 
while west aspects had slightly lower proportions of High severity and greater 
proportions of Low severity. One can surmise that the influence of aspect on BAER 
severity class distributions stems from the microclimate effect of aspect on vegetation 
distribution and soil/duff development as aspect alone is not one of the controlling factors 
in soil erosion processes following fire (Agee, 1993). On aspects where a deep duff layer 
and increased soil development could be expected, i.e., cool and moist so as to enhance 
site productivity and microbial breakdown of litter, fire could also be more detrimental to 
the site. Fires that pass quickly through a lightly developed understory do less damage to 
the soil than fires that bum through a thick forest floor (Agee, 1993). The microclimate 
associated with south and west aspects dictate that those will be less productive and the 
soil development will be less because of it. Severity, from a soil effects standpoint, will 
be less likely to be severe on these aspects than on the more productive east or north 
aspects. Fire buming through vegetation on south or west aspects will consume the 
aboveground portion of the plant but leave the root systems intact as subsurface heating 
will be minimal, but fires that remove the thick cover of a well developed forest floor will 
increase the likelihood of overland flow and subsequent soil loss (Agee, 1993). The 
pattem of severity as mapped by the BAER teams is very similar to the pattem mapped 
using the ANBR logic, with increased severity levels following the productivity pattems 
of aspect.
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Slope Class
Slope steepness is an important component in the erosion process, with an 
increase in erosion potential with increased slope (Agee, 1993). Similar to the ANBR 
assessments however, BAER Low and Moderate severity class distributions were 
positively influenced in slope class 5 and High severity was positively influenced in the 
more moderate slope classes 2 and 4 (see Figure 25). This can be attributed to the pattem 
of soil development in relation to slope steepness. Soil development will be more limited 
at the steeper slopes and related adverse effects from fire would also be lessened. In the 
more moderate slope classes soil development would be greater and potential for damage 
from a severe fire would also be greater.
Fire Group
The more influential fire groups in the BAER assessment were fire groups two 
(PIPO), four (PSME), ten (mixed PIAL), and eleven (mixed mesic forests) (see Figure 
26). In the ANBR severity assessments the relationship between fire group and severity 
class distribution has been what should typically be expected for each fire group and this 
does not change in the BAER assessment. The only indication that the fire season of 
2000 was out of the ordinary is that there are somewhat higher proportions of Moderate 
severity in fire group two than would otherwise be expected. This could, however, be a 
reflection of years of fire suppression/exclusion increasing the likelihood of a more 
traumatic fire in these fire groups (Jones and Chew. 1999).
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In fire groups two and four, where Moderate severity was prevalent, soil 
development would generally be more limited due to limited water availability. The soil 
organic layer that develops in these habitat types is not very thick and most of the litter 
remains on the surface due to the resistance of lignin in the needles to decay. The fire 
intensity associated with these fine fuels is not very great and the heat pulse into the soil 
will be limited. Once they are consumed and removed, however, the soil will be exposed 
and the potential for erosion will increase. In PSME stands, fire in the organic soil layer 
has been shown to reduce presence of nitrogen fixing mycorrhizal fungi which can 
negatively impact site recovery (Agee, 1993).
Fire behavior in fire group ten (PIAL) is generally extreme due to the high retum 
interval associated with this fire group. The positive influence on High severity and 
negative influence on Low severity is reflected in this. The cool, moist habitat of fire 
group ten dictates that fire induced disturbance will be great and its effects will be long 
lasting. The soil organic layer that develops in this fire group will tend to be fairly thick 
and once fire starts to bum in this layer it will bum slowly and completely. The duration 
of the bum will increase the damage to the soil.
Fire group eleven (mixed mesic) is also a fire group that rarely sees fire and when 
fire does bum in this fire group it will be widespread and intense. Only in extreme 
drought conditions will this fire carry beyond the borders of these stands however, as the 
organic soil layer and lush understory vegetation generally retain sufficient moisture to 
act as a fire break and the fire will die down once it bums into the stand. The high 
occurrence of Low severity and low occurrence of High severity is a reflection of the fire 
behavior characteristically associated with this fire group.
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BAER and ANBR
It is difficult to conduct a meaningful comparison of the differences between 
BAER and ANBR severity as they focus on different components of the ecosystem and 
are mapped with completely different objectives in mind. The focus of the BAER 
severity assessment starts at the ground level and might work its way into the canopy.
On the other hand, the ANBR severity assessment starts in the canopy and, depending on 
the degree of consumption there, may make it to the ground. The comparison is 
worthwhile, however, if knowledge of where their differences lie can help to make either 
process more efficient or accurate. Initially it was thought to look at the agreement 
between EA ANBR and BAER as well because EA ANBR is the more complete 
assessment of site severity. This idea was discarded, however, as the data for the 
assessment were gathered almost a year after the BAER team data and the site stability 
concerns of the BAER assessment are no longer in question.
It has been shown in the RA v. EA ANBR comparison that the RA ANBR will 
tend to over predict High severity levels and this is clearly evident in the agreement 
assessment between BAER and RA ANBR (see Figure 27). The spectral limitations of an 
immediate assessment, when everything is still black, favor the BAER team’s ground 
sampling methods. On the ground the degree of ground cover consumption can easily be 
quantified, even if it is black. From a satellite, however, blackened soil and blackened 
but partially consumed duff look an awful lot alike. Hence, the most abundant class is 
where RA predicted higher severity than BAER. Care must be taken in the assessment of 
the differences between the two methods though, as neither method is assumed to be truth
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and the comparison is a contingency rather than an error matrix. For this reason the in- 
depth analysis of the differences and agreement by slope class and aspect will be skipped. 
It has already been established that the influence of aspect and slope class comes from 
their respective influence on vegetation rather than their influence on fire behavior. It 
becomes more meaningful to discuss the fire group, which is vegetation derived, 
influence on the contingency classes. In the slope class and aspect comparison the 
agreement is always greatest where BAER shows the most High severity and RA 
predictions of higher severity is always where BAER shows the least High severity (see 
Figures 28 and 29). This is a function of the overwhelming dominance of High severity 
in the RA ANBR severity classification. Hopefully then, the stratification of the 
comparison matrix with the fire group data will yield a more meaningful result.
Fire Group
Interestingly, there is no aspect or slope class where agreement is the dominant 
comparison class. In the fire group stratification there are three fire groups where the 
Agree comparison class is dominant, fire groups zero, seven, and ten (see Figure 30).
Fire group zero (miscellaneous group) is also the only fire group where RA ANBR 
prediction of higher severity is the least represented class. The fire groups of influence 
are zero, four (PSME), seven (PICO), ten (PIAL), and eleven (mixed mesic).
Fire groups seven and ten held the most agreement overall. When exposed to fire, 
these fire groups have an increased likelihood of experiencing a high severity bum 
(Fischer and Bradley, 1987). Possible reasons for the pattem of severity seen in the fire 
groups are discussed above. Likely fire behavior in these fire groups is such that canopy
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removal is highly probable and in these groups the RA ANBR is assessing the almost the 
same characteristics as the BAER team -  the ground level fire effects. The same is true 
for fire group zero where, in general, there is not much of a canopy so both methods are 
essentially keying off of the same characterizations of ground level fire effects. Fire 
group zero is also the only fire group where RA ANBR lower severity predictions were 
more prevalent than higher severity predictions. This could be a function of the recovery 
in riparian areas in the month following the fire when the satellite image was captured.
At the time the BAER assessment was completed those areas would still be black but in a 
month grasses could recover and change the site to a Low severity classification.
In fire groups four and eleven there was the least agreement and the greatest 
proportion of RA ANBR higher severity predictions. This indicates that the fire burned 
through the aerial and surface fuels but did not heavily consume the ground fuel 
component in these areas, as that is the main concern of the BAER analysis. Moisture 
levels are often high in fire group eleven and fire will often die out when it reaches the 
ground fuels while it may still carry in the surface fuels and canopy and the same can be 
true for the moist Douglas-fir sites (Fischer and Bradley, 1987). If this is the case an RA 
ANBR classification would rank the area as more severely burned than the BAER 
methods because the change in the amount of photosynthetically active vegetation from 
pre- to post-fire would be significant.
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Summary
The goal of this study was to conduct an exploration of the performance of the ANBR 
fire severity assessment logic on the Valley Complex of 2000. The underlying objectives 
of this study, as outlined in chapter 1, were set up so that a rigorous examination of the 
capabilities and shortcomings of the ANBR logic could be examined and the goal 
accomplished. This has been done and the results of the work presented in a manner that, 
hopefully, is fairly clearcut and straightforward.
A great portion of the beginning stage of this project went towards developing 
procedures for correctly processing the ETM+ data so that NBR could be calculated. 
There are a number of different methods available for radiometric normalization of the 
data and each are different in their own subtle way. There are enough differences 
between multi-temporal images that make change detection and classification difficult 
without adding to it by failing to correct for sun angle and illumination differences.
Another stumbling block was the question of which variables should be used to 
best characterize the landscape. Initially it was thought that elevation and potential 
vegetation type (PVT) should be components of the study. After deliberation, however, 
elevation was dropped because it has no direct effect on fire behavior. PVT was 
discarded as well because the concept is too abstract to tie fire behavior to a particular 
PVT. The thought was then to use existing land cover types, but it became difficult to 
relate the various land cover types to each other. It was finally settled to use fire groups, 
as expected fire behavior and potential effects can be related to fire group and between 
fire groups. The final landscape characterizing variables of aspect, slope class, and fire
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group were chosen in hopes that they would provide the ability to better understand the 
pattem of severity within the bum.
Overall the study has been worthwhile. A lot of discussion surrounding the fires 
of 2000 has centered around how extreme the fires of that year were. The results of this 
study point to the opposite conclusion however, that the fires of 2000 were not 
extraordinary in their effect on the landscape. Areas that bumed in high severity are 
areas that were predisposed to bum in high severity. Areas not predisposed to higher 
severity bums did not experience extraordinary proportions of high severity.
Stratification of the bum area by fire group has proven to be useful and provides a means 
to better understand the dynamics of the fire and its effect on the landscape. The 
interactions of climate, terrain, and fuels however, are way too complex for a simple 
model to be able to predict the outcome of any given fire and the resulting bum severity.
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Conclusions
Moderate resolution digital remote sensing from satellite platforms provides an 
excellent means for obtaining a landscape-scale view of the influence of fire on 
ecosystem processes. It enables both immediate and long-term, repeatable analysis of 
observations of vegetative response to fire induced disturbances. Data can be procured 
in a cost-effective and timely manner over large areas, without the need for extensive pre­
processing to render it to a usable format. The information needed to perform the 
radiometric and reflectance normalizing calculations necessary for multi-temporal image 
analysis is appended to the imagery and is readily retrievable. The digital nature of the 
data enable direct ingestion into a GIS for overlay and spatial analysis of the imagery in 
conjunction with ground acquired fire perimeter and growth data. Utilization of 
landscape characterizing data enables comparison and better understanding of what is 
taking place on the ground.
The landscape variables of interest in this study were chosen in the hope that they 
would provide better understanding of the pattem of bum severity based on knowledge of 
their influence on fire behavior. The relationships observed, however, point to a different 
conclusion than expected. Those areas prone to exhibit more extreme fire behavior (i.e., 
south aspects or steep slopes) were not the areas that experienced the high severity bums. 
This leads one to conclude that areas where fire spreads quickly will not be as heavily 
impacted as areas where fire takes longer to pass through. It is the duration of heating 
that is the deciding factor in the site severity. From a descriptive and understanding 
perspective the most useful landscape variable was fire group. The relationships between
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fire group and fire behavior and effects are fairly well established and understood 
(Fischer and Bradley, 1987) which provided for a better understanding of why the bum 
pattem emerged in the manner in which it did. The use of fire groups in subsequent 
studies will enable cross-comparison of severity classifications between fires, which is 
not possible based solely on ANBR values, and will help land managers to better 
understand the significance of the severity pattem on the landscape. As soil is often a 
variable of interest, especially in the BAER assessments, perhaps the inclusion of a soils 
layer would also be helpful in future analysis.
The RA V. EA ANBR comparison provides a means by which to quantify, in a 
spatially explicit manner, the degree of change across the span of a single growing 
season. The limitations of the RA ANBR method are that it tends to over predict high 
severity levels. Key (2001) suggests that modifying the thresholds is a viable option for 
reducing the amount of land classified in too high of a severity level. His suggestion is 
that the areas will bum in clusters of High severity and when scaling the data one should 
be conscious of the development of “salt and pepper” areas of High severity as they are 
mis-classified areas of Moderate-high severity. Threshold modification determination is 
largely a function of ecosystem characteristics. This applies only to the RA ANBR, as 
the EA ANBR thresholds are better calibrated to the CBI data. Continued monitoring of a 
bumed area will provide useful information on the complex ecological processes taking 
place in the years following a fire.
“A basic problem that spatial data analysis faces is that measurements of variables 
and relationships between variables are affected by the scale at which these 
measurements take place. This is commonly referred to as Modifiable Areal Unit
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Problem” (Fotheringham, 1989). Comparison of data from two different sources and 
mapped at different scales can yield results with substantive error in areal measurements 
as a function of the MAUP inherent in spatial data (Arbia, 1989). The BAER severity 
and ANBR comparison had the potential to be error-ridden to the point of futility.
There are two basic problems in spatial data analysis that can be linked to either 
scale or aggregation. The problem of scale is related to the sensitivity of the data to the 
reporting unit size and the problem of aggregation lies in the sensitivity of the data to the 
arrangement of the reporting units (Fotheringham, 1989). Basically if one wants to 
measure the acres of area bumed in a particular severity class then the resolution of the 
data must be finer than one acre. Aggregation of data into a larger reporting unit, which 
is similar in effect to reducing the scale, results in errors of generalization. For example, 
resampling ETM+ ANBR 30m data to an MMU of 20 acres will result in some areas 
being mis-classified because the aggregation process yields a pixel that can only hold a 
single attribute value. That pixel could fall across the borders of a number of different 
stands all experiencing a different level of severity but they will all end up being 
classified the same. The bottom line is that one must be cognitive of these errors when 
selecting a method of analysis and care must be taken that the data is not used at a scale 
or aggregation that renders the results so error filled as to be useless. “If the procedure 
used gives results which depend on the areal units used, then, ipso facto, the procedure 
must be incorrect, and it should be rejected a priori" (Tobler, 1989). The BAER and 
ANBR comparison was conducted in a manner consistent with the scale of the data sets 
and did not rely on areal units for comparison. The simple matrix calculation provided a 
means of comparing the occurrence of similar classes, which is not an area-weighted
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measure. Any discrepancy between the results given by the two methods, then, stems 
from the methodologies rather than the comparison procedure.
The differences between BAER and ANBR are significant, agreeing on only 37% 
of the area classified. Not only do the methodologies differ, but so do the definitions of 
severity utilized by each. The BAER maps are generalized and have errors in placement 
of the severity classes. The RA ANBR severity map, meanwhile, tends to over predict 
High severity occurrence. A synthesis of the two methods could possibly provide a more 
accurate and precise depiction of the severity of a given fire. Using BAER ground 
sampling techniques to gather data on the soil effects and the ANBR methods to gather 
data on the vegetative effects, a more thorough assessment of the bum severity could be 
completed. The maps would then be spatially explicit and more accurate in their severity 
depictions. The strengths of the two methods could be used to complement each other 
and overcome the areas of weakness in each.
In terms of the limitations of ANBR for predicting bum severity, more work needs 
to be done to better quantify the effect of varying the threshold levels based on the 
vegetation present. Different vegetation types respond to fire in different ways (Davis et 
ai, 1980; Fischer and Bradley, 1987; Agee, 1993; White et al., 1996; Brown and Smith, 
2000). So perhaps it is inappropriate to classify the fire induced change using the same 
criteria for all vegetation types. Also, the unqualified ANBR scores provide little 
interpretive value for decision making purposes. Stratification with a land cover layer, 
such as fire group, puts the ANBR score into a more meaningful context that provides 
land managers with a basis for their decisions. Ultimately the ANBR, or some derivation 
thereof, will prove to be a useful tool to land managers dealing with a landscape
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influenced by fire. It provides a landscape scale view of fire effects on an ecosystem that 
can be integrated into a GIS for analysis in conjunction with other landscape 
characterizing data and models. The EA ANBR provides land managers with a tool to 
track changes and recovery long-term. The enhanced Regrowth component of the EA 
ANBR allows a manager to monitor the progress of re-planted and seeded sites and 
recovery of the bum as a whole. The bands used in the ANBR calculation are better able 
to discriminate vegetative changed over longer periods of time than those used in NDVl, 
which tends to saturate within a growing season or two post-fire (White et al., 1996). 
Overall, the ANBR logic used in conjunction with other landscape characterizing data is a 
useful tool that provides a means to assess fire effects at the landscape scale.
Along those lines the definition of “severity” that has evolved throughout this 
work is one that incorporates both the degree of change experienced by a site along with 
the habitat specific responses of the site into its assessment. The trend for defining fire 
severity has been to try and lump everything into the same categories of severity based on 
the same defining characteristics for all ecosystems. In order to fully understand the 
effects of a particular fire, however, the assessment needs to incorporate the differences 
in response that are inherent to the various vegetation types. For example, a moderate 
intensity ground fire that consumes the understory vegetation and has some scorching of 
the lower canopy will have a very different effect on a Pinus ponderosa stand than a P 
contorta stand. The P. ponderosa stand has developed and been maintained by these 
types of fires over the years and the thick, fire-resistant bark inherent to P ponderosa 
will protect the cambium from the damaging effects of heat from the fire. The bum will 
remove shade tolerant competitors, such as Pseudotsuga menziesii, and allow for P.
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ponderosa to continue its domination of the site. The P contorta stand, meanwhile, 
would most likely have been wiped out by this type of fire as the thin, non-heat resistant 
bark of P. contorta will not provide enough insulation to the cambium to protect it from 
heat girdling. Not only will the stand be killed, but the serotinous cones of P. contorta 
will not have experienced the heat necessary to induce seed release and the stand will not 
replace itself. The same fire, but in two different stands, will have two very different 
effects on the landscape. The severity assessment, then, would need to incorporate both 
the site descriptive characteristics, similar to Table 1, but also the ecological significance 
to the site as determined by the vegetation inherent to the site. Utilization of a vegetation 
descriptor (i.e., fire group) enables an ecologically sound bum severity assessment to be 
completed.
Areas of Future Work:
1. A comparison of severity by treatment to determine how different silviculture 
practices influence severity distributions.
2. Determination of thresholds for severity classification. Should they be 
contingent upon vegetation, geographic location, time of year, etc.?
3. Development of a more rigorous change detection and classification algorithm 
that minimizes errors of comission. Currently Key (2002) recommends masking 
out the fire perimeter prior to analysis and classification because the NBR does 
not function as a bum area detection algorithm and only as a classification 
scheme. There is no accounting for areas outside of the bum perimeter that 
classify as “bumed pixels".
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4. Development of a method for combining the techniques of the BAER teams and 
ANBR to create a new “definition” of severity.
115
References Cited
Agee, J. K. 1993. Fire Ecology of Pacific Northwest Forests. Washington, D C. and 
Covelo, CA, Island Press, pp. 493.
Albini, F. A. and Brown, J. K. 1996. "Mathematical modelling and predicting wildland 
fire effects." Combustion, Explosion, and Shock Waves. 32; 520-533.
Arbia, G. 1989. Statistical effect of spatial data transformations: a proposed general
framework. The Accuracy of Spatial Databases. M. Goodchild and S. Gopal Eds. 
Bristol, PA, Taylor & Francis: 249-259.
Beukema, S. J., Reinhardt, E. D., Kurz, W. A. and Crookston, N. L. 1999. "An overview 
of the fire and fuels extension to the forest vegetation simulator". The Joint Fire 
Science Conference and Workshop: "Crossing the Millenium: Integrating 
Spatial Technologies and Ecological Principles for a New Age in Fire 
Management." L. F. Neuenschwander and K. C. Ryan Eds. The Grove Hotel, 
Boise, ID. The University of Idaho and the International Association of Wildland 
Fire. pp. 80-85.
Brennan, M. W. and Hardwick, P. E. 1999. "Fire Management Tools: Burned Area 
Emergency Rehabilitation Teams utilize GIS and remote sensing." Earth 
Observation Magazine. 8(6): 14-16.
Brown, J. K. and Smith, J. K. 2000. Wildland Fire in Ecosystems: Effects of Fire on 
Flora. General Technical Report RMRS-GTR-42-Volume 2 Rocky Mountain 
Research Station - USDA Forest Service. Missoula, MT. pp. 257.
Brumby, S. P., Harvey, N. R., Bloch, J. J., Theiler, J., Perkins, S., Young, C. A. and
Szymanski, J. J. 2002. "Evolving forest fire bum severity classification algorithms 
for multi-spectral imagery". Conference on Algorithms for Multispectral, 
Hyperspectral, and Ultraspectral Imagery VII. S. S. S. a. M. R. Descour Eds. 
pp. 236-245.
Coppin, P. R. and Bauer, M. E. 1994. "Processing of multitemporal Landsat TM imagery 
to optimize extraction of forest cover change features." IEEE Transactions on 
Geoscience and Remote Sensing. 32(4): 918-927.
Coppin, P. R. and Bauer, M. E. 1996. "Digital change detection in forest ecosystems with 
remote sensing imagery." Remote Sensing Reviews. 13(3/4): 207-234.
Davis, K. M., Clayton, B. D. and Fisher, W. C. 1980. Fire Ecology of Lolo National
Forest Habitat Types. General Technical Report INT-79 Intermountain Forest and 
Range Experimentation Station. Ogden, UT. pp. 77.
116
Duggin, M. J. and Robinove, C. J. 1990. "Assumptions implicit in remote sensing data
aquisition and analysis." International Journal of Remote Sensing. 11: 1669-1694.
Fischer, W. C. and Bradley, A. P. 1987. Fire Ecology of Western Montana Forest Habitat 
Types. General Technical Report INT-223 Intermountain Research Station. 
Ogden, UT. pp. 95.
Fotheringham, A. S. 1989. Scale-independent spatial analysis. The Accuracy of Spatial 
Databases. M. Goodchild and S. Gopal Eds. Bristol, PA, Taylor & Francis: 221- 
228.
Greer, J. 1994. "GIS and Remote Sensing for Wildland Fire Suppression and Burned 
Area Restoration." Photogrammetric Engineering and Remote Sensing. 60(9): 
1059-1064.
Hardwick, P. E., Lachowski, H., Griffith, R. and Parsons, A. 1998. "Burned Area 
Emergency Rehabilitation Project: An Example of Successful Technology 
Transfer". The Seventh Forest Service Remote Sensing Applications 
Conference. J. D. Greer Eds. Nassau Bay, Texas. American Society for 
Photogrammetry and Remote Sensing, pp. 62-71.
Hardy, C. 2002. Personal Communication. Missoula, MT.
Jakubauskas, M., Lulla, K. and Mausel, P. 1990. "Assessment of vegetation change in a 
fire-altered forest landscape." Photogrammetric Engineering and Remote Sensing. 
56(3): 371-377.
Jensen, J. R. 1996. Introductory Digital Image Processing; A Remote Sensing
Perspective. Upper Saddle River, New Jersey, Simon & Schuster/A Viacom 
Company, pp. 316.
Jones, J. G. and Chew, J. D. 1999. "Applying simulation and optimization to evaluate the 
effectiveness of fuel treatments for different fuel conditions at landscape scales". 
The Joint Fire Science Conference and Workshop: "Crossing the Millenium: 
Integrating Spatial Technologies and Ecological Principles for a New Age in 
Fire Management". L. F. Neuenschwander and K. C. Ryan Eds. The Grove 
Hotel, Boise, ID. The University of Idaho and the International Association of 
Wildland Fire. pp. 89-96.
Keane, R. E., Ryan, K. C. and Running, S. W. 1996. "Simulating Effects of fire on
northern Rocky Mountain landscapes with the ecological process model FIRE- 
BGC." Tree Physiology. 16(3): 319-331.
117
I / '
Key (a), C. H. and Benson, N. C. 1999. "The Normalized Bum Ratio, a Landsat TM
radiometric index of bum severity incorporating multi-temporal differencing." In 
prep.
Key (b), C. H. and Benson, N. C. 1999. "A general field method for rating bum severity 
with extended application to remote sensing." In review.
Key, C. 2002. Landscape Assessment Draft v2.0. West Glacier, Montana, United States 
Geologic Survey: pp. 54.
Key, C. H. 2002. Personal Communication. Missoula, MT.
Koutsias, N. and Karteris, M. 2000. "Bumed area mapping using logistic regression
modeling of a single post-fire Landsat-5 Thematic Mapper image." Intemational 
Joumal of Remote Sensing. 21(4): 673-687.
Kushla, J. D. and Ripple, W. J. 1998. "Assessing wildfire effects with Landsat thematic 
mapper data." Intemational Joumal of Remote Sensing. 19(13): 2493-2507.
Lachowski, H., Hardwick, P., Griffith, R., Parsons, A. and Warbington, R. 1997. "Faster, 
better data for bumed watersheds needing emergency rehab." Joumal of Forestry. 
95(6): 4-8.
Larcher, W. 1995. Phvsiological Plant Ecoloev: Third Edition. Heidelberg, Germany, 
Springer-Verlag Berlin Heidelberg, pp. 506.
Levine, J., Gofer, W. I., Gaboon, D. J. and Winstead, E. 1995. "Biomass buming: a driver 
for global change." Environmental Science and Technology. 29(3): 120A-125A.
Lillesand, T. M. and Kiefer, R. W. 1994. Remote Sensing and Image Interpretation. New 
York, New York, John Wiley & Sons. pp. 749.
Macleod, R. and Gongalton, R. 1998. "A quantitative comparison of change-detection
algorithms for monitoring eelgrass from remotely sensed data." Photogrammetric 
Engineering and Remote Sensing. 64(3): 207-216.
Marchetti, M., Ricotta, G. and Volpe, F. 1995. "A qualitative approach to the mapping of 
post-fire regrowth in Mediterranean vegetation with Landsat TM data." 
Intemational Joumal of Remote Sensing. 16(13): 2487-2494.
Markham, B. L. and Barker, J. L. 1985. "Spectral Characterization of the LANDSAT 
Thematic Mapper sensors." Intemational Joumal of Remote Sensing. 6(5): 697- 
716.
118
Mather, P. M. 2001. Computer Processing of Remotely-Sensed Images: An Introduction. 
Sussex, UK, John Wiley & Sons. pp. 292.
Morgan, P., Hardy, C. C., Swetnam, T. W., Rollins, M. G. and Long, D. G. 2001.
"Mapping fire regimes across time and space; Understanding coarse and fme- 
scale fire patterns." Intemational Joumal of Wildland Fire. 10: 329-342.
Periera, M. and Setzer, A. 1993. "Spectral characteristics of fire scars in Landsat-5 TM 
images of Amazonia." Intemational Joumal of Remote Sensing. 14(11): 2061- 
2078.
Pyne, S. J., Andrews, P. L. and Laven, R. D. 1996. Introduction to Wildland Fire. New 
York, NY, John Wiley & Sons. pp. 769.
Rauste, Y. 1997. "Satellite-based forest fire detection for fire control in boreal forests." 
Intemational Joumal of Remote Sensing. 18(12): 2641-2656.
Redmond, R. L., Winne, C. J., Opitz, D. W. and Mangrich, M. V. 2001. "Classifying and 
Mapping Wildfire Severity." Imaging Notes. 16(5): 24-25.
Reinhardt, E. D., Keane, R. E. and Brown, J. K. 1998. "FOFEM: A First Order Fire 
Effects Model." Fire Management Notes. 58(2): 25-28.
Remmel, T. K. and Perera, A. H. 2001. "Fire Mapping in a northem boreal forest: 
assessing AVHRR/NDVI methods of change detection." Forest Ecology and 
Management. 152: 119-129.
Robinson, J. M. 1991. "Fire from space: Global fire evaluation using infrared remote 
sensing." Intemational Joumal of Remote Sensing. 12(1): 3-24.
Roy, D., Giglio, L. and Justice, C. 1999. "Multi-temporal active-fire based bum scar
detection algorithm." Intemational Joumal of Remote Sensing. 20(5): 1031-1038.
Ryan, K. C. 1988. "Predicting prescribed fire effects on trees in the Interior West". First 
Interior West Fire Council Annual Meeting and Workshop. Eds. Kananaskis 
Village, Alberta. Forestry Canada, pp. 146-162.
Ryan, K. C. 1998. "Analysis of the relative value of morphological variables predicting 
fire-caused tree mortality". I ll International Conference on Forest Fire 
Research: 14th Conference on Fire and Forest Meteorology. Eds. Luso, 
Coimbra, Portugal. ADAI. pp. 1511-1526.
119
Ryan, K. C. and Noste, N. V. 1985. Evaluating Prescribed Fires. The Proceedings of the 
Symposium and Workshop on Wilderness Fire. J. E. Lotan, B. M. Kilgore, W. C. 
Fischer and R. W. Mutch Eds. Ogden, UT, Intermountain Forest and Range 
Experiment Station. USDA Forest Service General Technical Report. INT- 
182: 230-238.
Salvador, R., Valeriano, J. and Diaz-Delgado, R. 2000. "A semi-automatic methodology 
to detect fire scars in shrubs and evergreen forests with Landsat MSS time series." 
Intemational Joumal of Remote Sensing. 21(4): 655-671.
Song, C., Woodcock, C. E., Seto, K. C., Lenney, M. P. and Macomber, S. A. 2001.
"Classification and Change Detection Using Landsat TM data: When and How to 
Correct Atmospheric Effects?" Remote Sensing of Environment. 75(2): 230-244.
Stow, D. 1999. "Reducing the effects of misregistration on pixel-level change detection." 
Intemational Joumal of Remote Sensing. 20(12): 2477-2483.
Tobler, W. R. 1989. Frame Independent Spatial Analysis. The Accuracy of Spatial
Databases. M. Goodchild and S. Gopal Eds. Bristol, PA, Taylor & Francis: 115- 
122.
Usery, E. L. 2001. "MAUP: Modifiable Areal Unit Problem in Raster GIS Datasets."
GIM Intemational. 15(8): 43-45.
USFS. 1976. Bumed-Area Emergency Rehabilitation Handbook. FSH 2509.13 USDA 
Forest Service. Washington, D C. pp. 60.
USFS. 2000. A Fuels, Fire, & Fire Regime Database. Wildlife Spatial Analysis Lab. 
Version 1.0.
USFS. 2000. Region 1 Fire Perimeter Data Archive.
http://www.fs.fed.us/rl/ecology/fire2000/firearea4/index.html
USFS. 2000. Valley Complex Fires.
http://www.fs.fed.us/rl/bitterroot/2000_fire_archive/valley/valley_index.htm
USGS. 2002. Earthexplorer. EROS Data Center, http://earthexplorer.usgs.gov
Warren, J. R. and Celarier, D. N. 1991. "A Salute to Infrared Systems in Fire Detection 
and Mapping." Fire Management Notes. 52(3): 3-19.
White, J. D., Ryan, K. C., Key, C. C. and Running, S. W. 1996. "Remote Sensing of
Forest Fire Severity and Vegetation Recovery." Intemational Joumal of Wildland 
Fire. 6(3): 125-136.
120
Appendix A. Data Tables
Aspect Hectares Proportion
North 32871.9 24.0%
East 25439.6 18.6%
South 42897.9 31.3%
West 35803.5 26.1%
Table 10. Aspect Class Proportions
Slope Class Class Value Hectares Proportion
1 0-10% 9641.7 7.0%
2 11-30% 51024.3 37.3%
3 31-45% 38636.2 28.2%
4 46-60% 22108.9 16.2%
5 >60% 15477.7 11.3%
Table 11. Slope Class Proportions
Fire Group Hectares Proportion
Zero 11983.8 8.9%
Two 16190.6 12.1%
Four thru Six 23311.3 17.4%
Seven 29235.0 21.8%
Eight 13286.1 9.9%
Nine 28538.5 21.3%
Ten 1590.1 1.2%
Eleven 9768.8 7.3%
Table 12. Fire Group Proportions
Severity Hectares Proportions
Low 13604.1 14.2%
Moderate-Low 7877.1 8.2%
Moderate-High 15390.7 16.0%
High 59100.8 61.6%
Table 13. RA ANBR Severity
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Rapid Assessment Severity
Aspect Low Moderate-low Moderate-high High
North 0.088 0.043 0.065 0.805
East 0.134 0.061 0.161 0.644
South 0.186 0.132 0.235 0.447
West 0.129 0.062 0.131 0.678
Table 14. RA ANBR bv Aspect
Rapid Assessment Severity
Slope Class Low Moderate-low Moderate-high High
1 (0-10%) 
2(11-30%)
3 (31-45%)
4 (46-60%)
5 (> 60%)
0.162
0.139
0.126
0.141
0.207
0.075
0.068
0.080
0.101
0.136
0.131
0.154
0.160
0.177
0.198
0.632
0.639
0.635
0.580
0.459
Table 15. RA ANBR bv Slope Class
Rapid Assessment Severity
Fire Group Low Moderate-low Moderate-high High
Zero 0.374 0.204 0.213 0.209
Two 0.259 0.162 0.216 0.362
Four 0.117 0.064 0.178 0.641
Seven 0.080 0.047 0.119 0.754
Eight 0.079 0.036 0.140 0.745
Nine 0.099 0.062 0.147 0.693
Ten 0.136 0.103 0.175 0.587
Eleven 0.122 0.063 0.148 0.667
Table 16. RA ANBR bv Fire Group
Severity Hectares Proportions
Low 16676.9 23.6%
Moderate-low 15732.8 22.3%
Moderate-high 20662.8 29.2%
High 11863.9 16.8%
Regrowth 5758.7 8.1%
Table 17. EA ANBR Severity
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Extended Assessment Severity
Aspect Low Moderate-Low Moderate-High High Regrowth
North 0.208 0.212 0.344 0.187 0.048
East 0.218 0.217 0.301 0.198 0.066
South 0.258 0.226 0.261 0.148 0.108
West 0.247 0.231 0.283 0.151 0.088
Table 18. EA ANBR bv Aspect
Extended Assessment Severity
Slope Class Low Moderate-Low Moderate-High High Regrowth
1 (0-10%) 0.199 0.212 0.306 0.188 0.095
2(11-30%) 0.220 0.216 0.292 0.192 0.079
3 (31-45%) 0.242 0.229 0.297 0.160 0.072
4 (46-60%) 0.262 0.231 0.296 0.233 0.078
5 (> 60%) 0.296 0.223 0.245 0.103 0.133
Table 19. EA ANBR bv Slope Class
Extended Assessment Severity
Fire Group Low Moderate-low Moderate-high High Regrowth
Zero 0.334 0.236 0.203 0.092 0.136
Two 0.362 0.279 0.203 0.041 0.116
Four 0.265 0.269 0.298 0.091 0.077
Seven 0.168 0.181 0.318 0.269 0.065
Eight 0.212 0.225 0.320 0.168 0.074
Nine 0.195 0.185 0.321 0.221 0.077
Ten 0.156 0.174 0.363 0.274 0.032
Eleven 0.266 0.263 0.291 0.108 0.072
Table 20. EA ANBR bv Fire Group
Extended Assessment
Rapid Assessment Low Moderate-low Moderate-high High Regrowth Total
Low 3.9 2.4 1.9 0.8 2.2 11.2
Moderate-low 2.5 1.5 1.2 0.4 1.2 6.8
Moderate-high 4.6 3.6 3.0 1.1 1.9 14.2
High 12.6 14.8 23.1 14.4 2.8 67.7
Total 23.6 22.3 29.2 16.7 8.1 100.0
Table 21. RA ANBR v. EA ANBR; Percent of Total
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Aspect
RAtoEA North East South West
0.306 0.320 0.358 0.359
0.214 0.222 0.206 0.223
0.193 0.204 0.155 0.154
0.096 0.101 0.066 0.053
0.190 0.153 0.215 0.211
0.348 0.325 0.381 0.389
0.253 0.229 0.214 0.225
0.205 0.232 0.158 0.152
0.089 0.088 0.047 0.054
0.106 0.126 0.199 0.180
Low - Low 
Low - Modlow 
Low - Modhigh 
Low - High 
Low - Regrowth
Modlow - Low 
Modlow - Modlow 
Modlow - Modhigh 
Modlow - High
Modhigh - Low 0.334 0.296 0.319 0.361
Modhigh - Modlow 0.258 0.251 0.248 0.255
Modhigh - Modhigh 0.216 0.238 0.214 0.181
Modhigh - High 0.069 0.096 0.080 0.051
Modhigh - Regrowth 0.123 0.118 0.138 0.152
High - Low 0.185 0.177 0.177 0.203
High - Modlow 0.207 0.209 0.224 0.229
High - Modhigh 0.372 0.335 0.332 0.326
High - High 0.207 0.244 0.220 0.187
High - Regrowth 0.029 0.036 0.046 0.054
Table 22. RA v. EA ANBR bv Aspect
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Slope Class
1 2 3 4 5
0.291 0.323 0.357 0.392 0.369
0.225 0.223 0.212 0.202 0.194
0.206 0.184 0.156 0.148 0.152
0.086 0.084 0.064 0.061 0.074
0.192 0.186 0.211 0.198 0.210
RA to EA
Low - Low 
Low - Modlow 
Low - Modhigh 
Low - High 
Low - Regrowth
Modlow - Low 
Modlow - Modlow 
Modlow - Modhigh 
Modlow - High 
Modlow - Regrowth
0.277 0.340 0.401 0.405 0.384
0.193 0.219 0.238 0.230 0.207
0.257 0.198 0.157 0.145 0.144
0.090 0.073 0.043 0.049 0.059
0.182 0.169 0.161 0.171 0.207
Modhigh - Low 
Modhigh - Modlow 
Modhigh Modhigh 
Modhigh - High 
Modhigh - Regrowth
0.267 0.321 0.340 0.327 0.322
0.242 0.248 0.260 0.258 0.229
0.258 0.214 0.205 0.216 0.189
0.094 0.080 0.072 0.073 0.075
0.024 0.027 0.025 0.031 0.066
0.161 0.174 0.191 0.206 0.240
0.206 0.209 0.224 0.230 0.236
0.338 0.333 0.347 0.361 0.322
0.234 0.241 0.202 0.170 0.134
0.060 0.043 0.035 0.033 0.069
High - Low 
High - Modlow 
High - Modhigh 
High - High 
High - Regrowth
Table 23. RA v. EA ANBR bv Slope Class
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RAto EA 
Low - Low 
Low - Modlow 
Low - Modhigh 
Low - High 
Low - Regrowth
Fire Group
Zero
0.326
0.190
0.182
0.108
0.194
Two
0.436
0.211
0.095
0.010
0.247
Four
0.364
0.240
0.172
0.038
0.185
Seven
0.298
0.221
0.194
0.104
0.183
Eight
0.311
0.252
0.197
0.060
0.180
Nine
0.299
0.204
0.209
0.105
0.183
Ten
0.227
0.274
0.264
0.191
0.044
Eleven
0.316
0.202
0.177
0.107
0.198
Modlow - Low 
Modlow - Modlow 
Modlow - Modhigh 
Modlow - High 
Modlow - Regrowth
0.387
0.212
0.158
0.069
0.174
0.451
0.231
0.111
0.012
0.194
0.378
0.252
0.166
0.035
0.169
0.333
0.222
0.193
0.088
0.164
0.307
0.255
0.205
0.070
0.163
0.304
0.208
0.225
0.084
0.178
0.112
0.107
0.554
0.191
0.037
0.354
0.222
0.162
0.105
0.156
Modhigh - Low 
Modhigh - Modlow 
Modhigh - Modhigh 
Modhigh - High 
Modhigh - Regrowth
0.351
0.263
0.202
0.076
0.109
0.418
0.294
0.166
0.023
0.099
0.321
0.263
0.226
0.055
0.134
0.292
0.231
0.217
0.100
0.160
0.281
0.242
0.198
0.087
0.192
0.280
0.222
0.229
0.111
0.157
0.170
0.174
0.441
0.185
0.030
0.317
0.241
0.208
0.108
0.125
High - Low 
High - Modlow 
High - Modhigh 
High - High 
High - Regrowth
0.290
0.290
0.264
0.102
0.054
0.273
0.317
0.298
0.072
0.040
0.230
0.276
0.341
0.110
0.042
0.134
0.170
0.346
0.311
0.039
0.190
0.220
0.353
0.193
0.044
0.161
0.175
0.356
0.263
0.045
0.144
0.163
0.331
0.331
0.030
0.242
0.280
0.334
0.109
0.036
Table 24. RA v. EA ANBR bv Fire Group
Severity Hectares Proportion
Low 30903.2 29.6%
Moderate 36047.7 34.5%
High 37461.9 35.9%
Table 25. BAER Team Severitv
BAER Severity
Aspect Low Moderate High
North 0.277 0.353 0.370
East 0.254 0.360 0.385
South 0.344 0.367 0.289
West 0.311 0.340 0.349
Table 26. BAER Severity bv Aspect
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BAER Severity
Slope Class Low Moderate High
1 (0-10%) 0.262 0.384 0.354
2(11-30%) 0.265 0.362 0.373
3 (31-45%) 0.302 0.377 0.321
4 (46-60%) 0.348 0.341 0.311
5 (> 60%) 0.390 0.248 0.362
Table 27. BAER Severitv bv Slope Class
BAER Severity
Fire Group Low Moderate High
Zero 0.339 0.365 0.295
Two 0.331 0.484 0.185
Four 0.274 0.441 0.285
Seven 0.249 0.278 0.474
Eight 0.313 0.276 0.412
Nine 0.280 0.284 0.437
Ten 0.057 0.412 0.531
Eleven 0.423 0.282 0.295
Table 28. BAER Severitv bv Fire Group
BAER V .  RA Hectares Percent Agreement
Agree 24641.7 36.7%
RA Low 11441.7 17.0%
RAHigh 31039.3 46.2%
Table 29. BAER v. Rapid Assessment ANBR
BAER V .  RA
Aspect Agree RA Low RAHigh
North 0.359 0.107 0.534
East 0.376 0.183 0.441
South 0.361 0.235 0.404
West 0.374 0.138 0.489
Table 30. BAER v. RA ANBR bv Aspect
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BAER V .  RA
Slope Class Agree RA Low RAHigh
1 (0-10%) 0.371 0.222 0.407
2 (11-30%) 0.385 0.171 0.444
3 (31-45%) 0.357 0.152 0.492
4 (46-60%) 0.345 0.165 0.489
5 (> 60%) 0.364 0.234 0.402
Table 31. BAER v. RA ANBR bv Slope Class
BAER-RA
Fire Group Agree RA Low RAHigh
Zero 0.360 0.334 0.306
Two 0.340 0.221 0.439
Four 0.307 0.142 0.551
Seven 0.474 0.139 0.388
Eight 0.343 0.115 0.542
Nine 0.406 0.154 0.440
Ten 0.448 0.166 0.387
Eleven 0.307 0.124 0.569
Table 32. BAER v. RA ANBR bv Fire Group
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APPENDIX B. LIST OF ABREVIATIONS
ACRONYM
ABLA
AVHRR
BAER
CBI
ANBR
EA
ETM+
Fire Group Zero 
Fire Group Two 
Fire Group Four
Fire Group Seven 
Fire Group Eight 
Fire Group Nine 
Fire Group Ten
Fire Group Eleven
MIR
NBR
NIR
NCAA
PIAL
PICO
PIPO
PSME
RA
TM
USFS
USGS
DEFINITION
Abies lasiocarpa
Advanced Very High Resolution Radiometer 
Bum Area Emergency Rehabilitation 
Composite Bum Index 
Differenced Normalized Bum Ratio 
Extended Assessment 
Enhanced Thematic Mapper Plus
A miscellaneous collection of habitat types that generally do not 
carry fire.
A ponderosa pine dominated habitat type that exists in a high 
frequency, low intensity fire regime.
A Douglas-fir dominated habitat type that exists in a high 
frequency, low intensity fire regime but can experience more 
severe fires than fire group two.
A lodgepole pine dominated habitat type that exists in a low 
frequency, high intensity fire regime.
A mix of Douglas-fir and lodgepole pine habitat types that prone 
to a mix of moderate to moderate-high severity fire.
Moist, lower subapline habitat types where fires are infrequent but 
severe.
Cold, moist upper subapline and timberline habitat types where 
PIAL, Abies lasiocarpa (ABLA), PIEN, and Larix lyalli (LALY) 
are the predominant conifers.
Moist Abies grandis (ABGR), Thuja plicata (THPL), and Tsuga 
heterophylla (TSHE) habitat types where fires are infrequent but 
severe.
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